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ABSTRACT
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ASPECTS OF BARLEY POST-ANTHESIS NITROGEN PHYSIOLOGY

Barley is the world's founh most important cereal crop. the second r::nking cereal in

Canada. and the most widely grown small grain cereal in Quebec. The protein

concentration of cereal grains is low and the production of cercal crops with increast.'d

grain protein concentrations is desirable. This work investigates the physiological

aspects of protein accumulation potential in barley grain. A recently developed

perfusion system was used in four experiments conducted in 1993 and 1994. Three

greenhouse experiments tested 1) four plant growth regulator (PGR): ABA at 0.01.

0.1 and 1 mg L·I, kinetin at 0.1, 1 and 10 mg L,l, GA) at 0.1, 1 and 10 mg L". 2,4­

D at 0.15, 1.5 and 15 mg L,I; 2) 0, 5.4, and 10.7 mM N fenilizer solutions, applied

as NH.;NO), and 0 and 30 mM N peduncle added N as urea; and 3) ABA at 0.01,0.1

and 1 mg L,l, kinetin at 0.1, 1 and 10 mg L,l, GA) at 0.1, 1 and 10 mg L,l, 2,4-D at

0.15, 1.5 and 15 mg VI, and 0 and 10.7 mM N fertilizer solutions, and 0 or 30 mM

pedunc1e added N. In the field experiment, plants were allowed to take up urea at 15

or 30 mM N, or ethephon at 15 p. M. Abscisic acid and 2,4-D decreased total seed

weight spike'l. Gibberellic acid and 2,4-D inereased seed protein concentration and

content, while ABA decreased both of these. Kinetin and abscisic acid treatments

resulted in the highest and lowest levels, respectively for f1ag leaf photosynthesis,

stomatal conductance, transpiration and intercellular C~ concentration. Both protein

content spike'l and seed protein concentration were elevated in plants fertilized with

10.7 mM N via the soil and plants perfused with 30 mM N via the peduncle. Plants

receiving treatments of 10.7 mM N from the soil and mixture of 30 mM N and GA)

or 2,4-D through the peduncle had inereased protein content seed'l, and the highest

seed weight spike'l, respectively. Peduncle perfusion with 30 mM N increased spike

protein concentration and conte.1t and grain protein concentration without affecting

seed weight spike·1• Grain protein concentration was inereased by pedunc1e perfusion

with ethephon. The perfusion technique worked weil under field conditions.
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Les aspects de la physiologie de l'azote dans l'orge après la floraison

L'orge occupe la quatrième position parmi les céréales au monde, la deuxième position

parmi les céréales au Canada et la première au Québec. La concentration en protéines

des graines (CPG) des céréales est basse et la production de céréales à forte concentration

en protéines est souhaitable. Ce travail étudie la physiologie du potentiel d'accumulation

des protéines dans la graine de l'orge. Un système de perfusion développé récemment

a été utilisé dans 4 expériences faites en 1993 et 1994. Trois expériences dans les serres

ont étudié 1) 4 régulateurs de croissance (RC): Acide abscissique (ABA) à 0.01, 0.1 et

1 mg L· I , Kinétine à 0.1, 1 et 10 mg L·I , GibbéreIline (GA) à 0.1, 1 et 10 mg L'I, 2,4­

D à 0.15, 1.5 et 15 mg L· I
; 2) des solutions de NH"NO) 0, 5.4 et 10.7 mM en N

ajoutées au sol, des solutions d'urée 0 et 30 mM en N ajoutées au pédoncule; et 3) ABA

àO.Ol,O.l et 1 mgL·I
, KinétineàO.l, 1 et 10 mg L'I , GA)àO.l, 1 et 10 mgL·I, 2,4-D

à 0.15, 1.5, 15 mg VI, deux solutions d'NH"NO) 0 et 10.7 mM en N, et deux solutions

d'urée 0 et 30 mM en N. Dans le champ, les plantes ont reçu une solution d'urée 0 ou

30 mM en N, ou de l'éthephon ~5~. L'ABA et le 2,4-0 ont réduit le poids total des

graines par épi (PTGE). La GibbéreIline et le 2,4-0 ont élevé la concentration et la

quantité absolue des protéines dans les graines, par contre ABA les a diminués. La

kinétine et l'ABA ont respectivement donné les plus hautes et les plus basses valeurs pour

la photosynthèse de la feuille étendard, la conductance des stomates, la transpiration et

la concentration intercellulaire du CO2• Le contenu en protéines de l'épi et la CPG ont

été augmenté dans les plantes qui ont reçu 10.7 mM d'N par le sol et les plantes qui ont

reçu 30 mM d'N par le pédoncule. Les plantes qui ont reçu 10.7 mM d'N par le sol et

un mélange de 30 mM d'N et de GA) ou de 2,4-0 par le pédoncule avaient

respectivement une CPG élevée et le poids des graines par épis le plus élevé. La

perfusion du pédoncule avec 30 mM d'N a causé une augmentation de la concentration,

de la quantité absolue des protéines des épis et de la CPG sans avoir aucune influence

sur le PTGE. La CPG a été élevée par une perfusion à l'éthephon. La technique de

perfusion a bien fonctionné dans le champ.
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Section 1

LITERATURE REVIEW

1.1 Gcnctic Variability for Transport and Storagc of Nitrogcn

Obtaining good yields of high protein grain depends not only on having

adequate soit nitrogen and a favourable environment but also on using a suitable

gcnotype. Cerea1 cultivars have been shown to respond differently to the same levels

of soil nitrogen (Barley and Naidu, 1964; Johnson et al., 1968). Such observations

suggest the existence of genetic differences in the efficiency with which cereals make

use of the soil nitrogen.

Petcrson et al. (1975) have reported differences between wheat and O3t

cultivars in translocation efficiency (ratio of grain nitrogen to total plant nitrogen).

Deckard et al. (1973) found significant differences in grain yield and grain protein

among the different genotypes of corn. However, McNea1 et al. (1966) found that

the percentage of nitrogen translocated from vegetative tissue to the developing grain

was constant for a wide range of wheat crriticum aestiwm L.) cultivars.

Haunold et al. (1962) suggested that an internai protein-fixing threshold exists

in wheat varieties and that this threshold represents the maximum level of protein

obtainable in the grain independent of yield level. However, Johnson et al. (1968)

found that selected families from crosses between low and high protein types of

winter wheat were more productive in both yield and protein yield than the high

yielding parent.

Wild barley, Hordeum spontaneum, harbours suitable multiple sources of

disease resistances, traits adaptive to environmental extremes, agronomic traits and

high protein concentration. This is due to its long evolution and adaptation in the

Fertile Crescent to a wide range of ecologica1 niches (Nevo et al., 1985). In general,

li.. sponlaneum was characterized by higher vegetative nitrogen content, and greater

allocation of dry matter resources to leaves rather than stems, than to H. wlgare

(Corke et al., 1989).

1
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The grain protein to plant nitrogen relationships of barley are important

because of the low nutritional value of barley protein (0011, 1981). The hordcin

fraction of barley protein, which is low in lysine. usua11y comprises about 40% of the

total grain protein at maturity, and consislS mainly of two groups of polypeptides.

termed hordein-l and hordein-2 (Shewry et al., 1980). Hordein-I increases rapidly

relative to hordein-2 as nitrogen supply to the grain is increased (Gicse et al., 1983).

Hence the rate and duration of hordein accumulation relative to total protein. and of

hordein-l relative to hordein-2 will affect the final amount of protein in the grain, and

its nutritional quality (Corke et al., 1990).

Corke et al. (1988) used a spike culture technique to ascertain whether therc

were basic differences between H. vulgare L. cv 'Ruth' and H. spontaneum Koch line

297. They conc1uded that there were no fundamental limitations in the capacity of

'Ruth' to accumulate protein while 297 appears to have a greater basal level of

nitrogen availability under normal conditions.

Plant nitrogen concentration has shown positive correlations with biological

yield, grain yield and grain protein yield, but there were no correlations with grain

protein concentration, harvest index and nitrogen harvest index (Desai et al., 1978).

Since grain yie1d is proportional to a) Iight interception, b) efficiency of Iight

utilization, and c) partitioning of dry matter to the grain, yield potential improvements

must involve one or more of these three factors (Deckerd et al., 1985). Bulman et al.

(1993d) studied genetic improvement of twenty six spring barley cultivars grown in

eastem Canada from 1910 to 1988. They found that grain protein concentration

decreased constantly with time and this reduction was related to an increase in the

amount of nonstructural carbohydrate per grain, not to decrease in grain protein

content. Since no trends were observed for N retranslocation and retranslocation

efficiency, they concluded that N partitioning to the grain was not altered.

Mather et al. (1983b) applied the Griffing and the Hayman dia11el methods to

percent protein, protein per grain, and lysine content of grain protein in a 6x6 dialle1

cross of triticale (x triticale Wittmack). Their analysis showed that a) the three traits

have mostly additive gene action, although sorne dominance was detected for percent

protein and protein per,grain, b) dominance for protein per grain was in the direction

2
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of highcr ;>rotdn c) variation in lysine content was largely attributable to variation in

perccnt protcin, protein per grain, and grain plumpness.

1.2 Nitrogen Resources During the Grain-filling Stage

There are two possible sources of grain nitrogen in cereals: soil nitrogen

usually nitrate taken up during grain filling, and redistribution of nitrogen

accumulated during the vegetative stage of development (Dalling et al., 1975). ln

environments where the post-anthesis supply of soil N is low, and this includes most

of the rain-fed crop production areas of Australia, USA, Canada, and Argentina, N

redistributed from vegetative organs can contribute more than 80% of the grain N

yield (Dal1ing, 1985). ln Austra!ia, where soil nitrogen is often unavai1able to the

plant at the time of grain-filling the utilization of nitrogen already in the plant is

considered to be of gn.dt importance in determining the final protein content of the

grain (Dalling et al., 1975). For nce, protein N in the grain is derived mainly from

the N already present in the vegetative tissues at flowering (Ishizuka et al., 1953).

Among the vegetative tissues of the rice plant the leaf blades have highest N content.

Leaf deve10pment and senescence are known to be under hormonal contrOl

(Ishizuka et al., 1953). Studies have indicated that peak protease activity occurs

carlier, before the booting stage, in contras! to rate of leaf protein synthesis which did

not begin to decrease until after booting (International Rice Research Institute, 1972).

Hence, the slowing of protein synthesis coincided with the decrease in leaf N contenL

With the onset of senescence, leaves change their fonction from being a source

of mainly carbohydrates to one of mainly minerai nutrients. In the case of nitrOgen

and phosphorus, the amount retranslocated from vegetative parts of wheat plants is

. generally much higher than the amount newly taken up and de1ivered by the root

(Martin, 1982).

During gl"lJn fiil cereal plants are in general, mobilizing ail reserves for

deposition in ~s. Lower internodes were the main potential contributors of pre­

anthesis assimilate to grain-filling but upper internodes were an important sOurce of

stored assimilate accumulated after anthesis. Crops tbat 10st more mass from the stem

also had greater grain yields. The stem is the major source of assimilate towards the

3
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end of grain-filling (Bennett et al., 1992). The assimilate that is storcd prior to

anthesis may be used to help overcome shortages of assimilate as a consequence of

stress and the contribution of pre-anthesis assimilate to grain-fi1ling could be as much

as 76-100% (Gallagher et al., 1975; Gallagher et al., 1976; Scott et al., 1976;

Bidinger et al., 1977)

Uptake of N during the grain-filling period in cereal crops can be considered

to be a function of the availability of soil N at this time and the capacity of the roots

to absorb and translocate N to the shoot (Dalling, 1985). Even under conditions

where the post-anthesis soil N supply is high, at least 50% of the grain N yield will

still be derived from the mobilization and redistribution of N in the vegetative organs

(Spiertz et al., 1978). The leaves and stern are the most important sources of N, each

contributing about 30% of the grain-N yieid. The roots are a minor source,

contributing less than 10% (Dalling, 1985). Dalling et al. (1976) and Waters et al.,

(1982) found that, the glumes are important for severa! reasons. Firstly, they

contribute about 15% to the grain-N yield and secondly, they appear to act as a

temporary sink for N during the very carly phase of grain fùling.

Compared to single N fertilizer application at seeding, split N application

significantly increased barley grain protein concentration (Bulman et al., 1993b).

Bulman et al. (1993a) found an inverse relationship between retranslocation of

vegetative N to the grain and N application. Nitrogen supply to wheat kemels during

grain filling depends on mobilization of N acquired during vegetative growth and on

continued nitrate (N0i) uptake and assimilation after anthesis. The contribution of

each of these N sources during kernei growth is a function of leaf senescence,

photosynthate partitioning, genotype, and soi! N03' lcvel (Austin et al., 1977b;

Gregory et al., 1981; Smith et al., 1983). Johnson et al. (1968) in their experiment

on cereal breeding for better protein content found that rate of uptake of N in wheats

with high grain protein percentage of is similar to that of 10w protein wheats but they

translocate more leaf N to the developing grain.

4
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1.3 Nitrogen Redistribution Along the Transport Pathway During the Grain­

filling

Martin (1982) found girdling of the stem between the flag leaf and the ear of

wheat plants did not change the amounts of nitrogen, phosphorus and magnesium

relranslocated and transported to the ear but reduced calcium movement slightly. He

also showed that a continuous connection by sieve elements between leaves (source)

and grains (sink) in wheat is not a prerequisite for retranslocation of nitrogen,

phosphorus or magnesium. Application of (lSN) to leaves in a short-term (24 h)

experiment confirmed that in girdled culms nitrogen continues to move to the ear.

Nitrogen is apparently easily released to the xylem. Hardy (1969) found that, after a

grapevine leaf was fed 14C~, a selective transfer of [14C] glutamine and malic acid

to the xylem occurred.

Retranslocation occurs predominantly by direct transport from the leaves to the

reproductive organs. However, nutrients such as nitrogen and potassium may

circulate through the root during retranslocation by downward movement in the

phloem, transfer to the xylem in the root, upward transport with the transpiration

stream and transfer back to the phloem en route to the reproductive organs (Pate

1975). The transpiration stream in the xylem of wheat plants may contribute to

retranslocation of certain nutrients from leaves to grains at those parts of the route

where movement of solutes in phloem and xylem is in the same direction (Martin,

1982).

There are presently no direct mèasurements of solute concentration and

composition along the phloem transport and associated pathways leading to sink

tissues. Difficulties in obtaining samples along the pathway, whether from the sieve

tubes or from other locations, have been a severe limitation. Unfortunate1y, phloem

exudate usually cannot be collected from most plants, especiaIly from crop species.

Phloem exudate bas been obtained from barley by Tully et al., (1979) and from wheat

by Simpson et al., (1981); both studies employed the EDTA exudation technique in

collecting phloem sap from excised leaves.

In combination with endosperm cavity sap collection, the collection of sieve

tube exudate from broken grain pedicels and from severed aphid stylets established on

5



• wheat plants ha'Je more recently provided a flexible means of sampling the lranspon

pathway during grain filling in wheat (Fisher et al., 1984: Fisher ct al.. 1986:\: Fisher

et al., 1987).

Fisher et al. (1986b) examined gradients along the transpon pathway from the

peduncle to the endosperm cavily during grain-fiIling in wheat. They found that the

sucrose concentration in the sieve tubes was almost tenfold that in the endospcrm

cavily sap, total amino acids were only threefold higher, and the potassium

concentrations of the IWO were equai. Their observations also strongly implicate the

movement of assimilates from the sieve tubes and across the crease tissues as

important control points in grain-filling.

Mackown et al. (1986), by peduncle injection with 15N-nitrate at anlhesis

measured in situ nitrate assimilation in winter wheat and concluded that the rapidly

absorbed 15N-nitrate was not incorporated uniformly into peduncle N, but the

absorbed UN was readily transported to the spike. Although the relative capability of

nonleaf components ta assimilate soil-derived nitrate absorbed after anthesis is not

indicated, it is clear that the spike and peduncle have a considerable in situ capacity la

assimilate nitrate immediately following anthesis. Nitrogen-15-nitrate applied to the

surface of spikes following anthesis was found to be incorporated into grain protein

(Naïr et al., 1977).

Harper et al., (1967) found the presence of nitrate reduClase activity in the llag

leaf blade and spike of winter wheat following anthesis indicates that absorbed nitrate

is transported te bath the f1ag leaf and spike. Simpson et al. (1983) found that spike

transpiration equais 30 to 60% of the flag transpiration at anthesis and can exceed ail

leaves during the linear phase of grain filling. Therefore, it seems likely that xylem

transported nitrate would reach the spike provided adequate soil nitrate is available

and absorption continues (Mackown et al., 1986).

Bell et al. (1990) used 14C to investigate the redistribution of assimilate in

field-grown winter wheat. Their measurements of 14C over the period from the start

of stem elongation to the end of grain-fil1ing show a decrease in stem dry mass. They

• also suggested that most respiration used current rather than stored assimilate. The

mass of the stem has been shown to continue to incœase for a time after anthesis
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(Austin et al., 1977a; Borrell, et al., 1989; Kubauch et al., 1989). There is no

evidence that pre-anthesis and post-anthesis storage of assimilate in the vegetative

organs occurs by different pathways (Bonnett et al., 1992).

Barlow et al. (1983) used the liquid culture technique to investigate the

influence of varying source concentrations of sucrose or glutamine on the rate of

starch and protein synthesis in the grain. They concluded that: a)the entry of soluble

nitrogen into the grain is relatively uncontroUed, so that each increment of nitrogen in

the culture medium led to an increase in the concentration of total nitrogen and non­

protein nitrogen in the grain, b) the grain is the strongest nitrogen sink in the ear, c)

increasing nitrogen in the culture medium increased grain protein without affecting

protein-free grain weight.

The glumes may also play an important role in the movement of N within the

plant, especially the exchange of N from xylem to phloem. The glumes, leaves, and

stems ail have a high efficiency of N mobilization. In contrast, N in the roots is

apparently not readily available or accessible for mobilization (Dalling, 1985).

1.4 Honnonal and Enzymatic Activities Effective in Redistribution of Nitrogen

During Grain-filling

1.4.1 Enzymes of N03' Assimilation

For most agronomic crops the principal N source is N~' provided by the soil

solution. This N03' must be reduced to N~' by nitrate reductase activity (NRA); the

N~' is then converted to ammonia by the activities of nitrite reductase (NiR) (Gupta

et al., 1985). The ammonia is assimilated through the combined activities of

glutamine synthetase and glutamate synthase (glutamine oxoglutarate

aminotransferase, GOGA1) (Miflin et al., 1980; Beevers et al., 1969).

In most systems the level of extraetable NRA is lower than that of the other

enzymes required for N~' assimilation and thus nitrate reductase (NR) must be

considered the primary regulator for the input of the reduced N into the plant

(Beevers et al., 1980). The presence of NO; enhances production of NR and NiR at

the transcriptional level whereas the observed stimulation by light appears to be

exerted at the translationallevel (Gupta et al., 1985).
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Nitrate reductase activity of the total leaf canopy. expressed as seasonal

averages or converted into seasonal input of reduced N. showed a significant positive

correlation with grain protein (kg N ha,I). grain yie1d. total reduced N in the

vegetative material (above ground), and grain and stover at maturity, The highest

correlation between NRA and yie1ds of grain and grain protein (kg Nha") were

obtained during the stages of ear initiation and development (Deckard et ai.. 1973).

Genetic studies indicate that the level of NR is highly heritable, and as a

consequence progeny have been developed with predetermined NR levels by selecting

parents with the appropriate NRA (Zieserl and Hageman 1962). Nitrate reductase

was higher in three wheat varieties having "Atlas 66" germ plasm for high grain

protein potential !han "Triumph 64" a bard red winter wheat with a low grain protein

potential (Rao et al., 1972). Duffield (1971) also found increases in NRA in high

protein wheat varieties. Croy et al. (1970) found that a) nitrate content of the tissue

was a major factor in controlling the level of NRA; b) increased NR activity from

supplemental nitrogen treatments was associated with increases in grain protein (% or

total). Five wheat cultivars which differed widely in their capacities to accumulate

grain nitro~en were compared for seasonal patterns of leaf nitrate reduclase activity.

Differences in the average levels of NRA were observed between cultivars. Total

seasonal NRA was closely related to total plant nitrogen at maturity. Grain nitrogen

was only related to total seasonal NRA when allowance was made for significant

differences between cultivars in nitrogen redistribution patterns (Dalling et al., 1975).

There were significant positive correlations between NRA and total nitrogen

accumulation by the plant (Eilich et al., 1973).

Oritant et al. (1971) and Wareing et al. (19~7) reported that protein

accumulation in the developing grain is also under hormonal controi. In order for the

plant to utilize the N in the vegetative organs these organs must senesce. Senescence

in the cereals during the grain-fiIling period is referred to as monocarpic senescence

(Dalling, 1985).

Dalling et al. (1975) have descnOed the relationship between NRA and the

accumulation of reduced nitrogen during vegetative development in severa! wheat

cultivars. A highly significant relationship was found between the total level of leaf
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NRA and the total plant nitrogen at maturity. Therefore it seems that, while the total

level of NRA during vegetative growth may have determined the potential for

accumulation of nitrogen in the grain, the extent of redistribution of nitrogen from

other plant parts also exerted a major influence on the actual amount of grain

nitrogen.

Zieserl et al. (1963), in experiment on NRA, protein content, and yield of four

maize hybrids at varying plant populations have concluded that: A) NRA was eausally

related to the nitrogen metabolism of the plant since (a), top leaves had a higher NRA

and protein content than bottom leaves (apparently due to shade effects) and (b) there

was an inverse correlation between leaf NRA and nitrate content of ail hybrids, B) a

parallel was shown between leaf NRA, and protein content and physiological stages of

development as determined by seasonal sampling.

1.4.2 Proteases

In cereats the role of proteolytic enzymes may be of special importance in the

transfer of protein from the vegetative tissues to the developing grain (Frith et al.,

1975). High nitrate reductase before flowering and high leaf protease activities aCter

flowering appear to be related to high grain protein production (Rao et al., 1972).

Protease activity in the leaf is also higher in wheats with high grain protein than in

low protein wheats. Accumulation of grain nitrogen was studied in the wheat cultivars

Argentine IX and lnsignia. The pattern of nitrogen removal from severa! tissues of

each cultivar was compared with the pattern of acid proteinase activity. There was a

highly significant relationship between the rate of nitrogen 10ss from the tissues and

the rate estimated from the enzyme activity measurements (Dalling et al., 1976).

Rao et al. (1971) found that protease levels in juvenile wheat plants were

greater for a 'high' grain protein variety (NB#65317, a selection from a cross

between ' Atlas66' and 'Comanche') than for a "low" protein variety CTriumph 64',

C.I. 12132) during carly seedling growth.

Developing grains of rice cultivars with high pereentages of protein tended to

have higher levels of soluble protein, free amino N, and protease, and a Caster rate of

leucine incorporation than grain with average pereentages of protein, regardless of
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grain yield (Perez et al., 1973).

1.4.3 Plant Growth Regulator Effects

Several studies indicated that auxin herbicides increased se..'d protein and

starch content (Martin et al., 1990; Bangerth et al., 1985; Rademacher ct al., 1984;

Hewitt et al., 1968).

Alpha-amylase is a Ca2+-eontaining protein that is synthcsizcd on the rough

endoplasmic reticulum. Gibberellin induces the formation of the enzyme a-amylase

by increasing Ca+2 flux into the endoplasmic reticulum in the aleurone layer of the

barley grain (Bush et al., 1993; Hewitt et al., 1968).

Abscisic acid (ABA) decreases both Ca+2 flux into the endoplasmic rcticululll

and the amount of calcium that accumulates in the endoplasmic reticululll of barley

aleurone ceUs in vivo (Bush et al., 1993).

Ma et al. (1992b) investigated post-anthesis ethephon (2-ehloroethyl phosphoric

acid, an ethylen source) effects on the yield of (Wo barley cultivars, Cadette and

Leger, during three years. They found that post-anthesis application of ethephon

extended the grain-filling period by 1 to 3 d with variation among both cultivars and

years. They concluded that under climatic conditions such as those prevalent in

northeastern North America post-anthesis application of ethephon can potentiaUy

enhance grain fil! and yield of spring bariey (Ma et al., 1992b).

Plant growth regulator (PGR) application does not increase total dry matter

accumulation on a per-shoot basis, but does affect dry matter partitioning patterns,

leading to alterations in grain yield that may be positive or negative depending on the

condition during a given crop year (Ma et al., 1992d). Bulman and Smith (1993c)

examined the effects of ethephon and triadimefon on yield and grain protein

concentration of spring barley. They concluded that ethephon can influence grain

protein concentration by altering the protein and nonprotein components of the grain.

Under greenhouse conditions, ethephon application increased protein accumulation in

the barley_ grain (Ma et al., 1994a).
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I.S Techniques for Experimentation in Grain Nitrogen Accumulation and

Findings

Lack of suitable methods for the study of nutritional and metabolic

requirements of devcloping grain in cereal crops has been a major problem impeding

progress in this field.

Grabau et al. (1986) used stem infusion into lower intemodes of soybean

plants grown throughout seed development under both greenhouse and field conditions

to improve the methionine concentration of soybean (Glycine~ [L.) Merr) seed

storage protein. Their results showed that methionine supplementation of intact

soybean plants improved protein quality through change in storage protein

composition.

Stewart et al. (1953) investigated the formation of cellulose in wheat plants by

using precursors glucose-l-14C, sorbitol-l-14C, and succinic acid-2, 3_14C, which were

administered to the plant aseptically by injection of sterile solutions into the hollow

intemodes.

McConnel et al. (1956) studied transport of carbon-14 injected into the hollow

stems of growing wheat plants in the form of sodium acetate-p 4C and _2_14C.

Mather et~1. (1984) cultured barley spikes of the cultivar Bomi and high-Iysin

mutants Ris(j> 1508 and Risq. 56 on liquid media at different levels of N and sucrose.

They concluded that: a) Bomi accumulated N in response to increasing N levels in the

medium and a higher level was reached than in spikes of intact plants, b) endosperm

èry weight and stareh were lower than in intact plants and declined at higher N leve1s,

c) the mutants had lower dry weights and stareh contents, and higher sucrose contents

than Bomi, d) the distribution of N in salt-soluble, hordein, and non-protein N

fractions appeared to be normal, e) uptake of culture medium by the spikes was

affected by both N and sucrose concentration, t) al: high N levels, the mutants

accumulated less hordein, and more non-protein N than Bomi.

Soares et al. (1986) g<ew barley plants (cv. Clipper) to maturity in pH­

controlled, aerated solution culture with 2 mM inorganic 14N supplied as nitrate a1one,

ammonium a10ne or 1:1 nitrate plus ammonium. When seed filling was weil

advanced, the 14N feeding solutions were replaced by ISN feeding solutions, and the
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plants were grown in these media for 6 and 12 h before harvesting. Nitrogen-15

analyses of the plant materiai showed that even at this late developmental stage.

barley plants were still accumulating and assimilating considerable quantities of N.

although at a slower rate than in younger plants. They also concluded that the poor

organic 'SN accumulation observed in NO;-fed plants was due to slow absorption rate

of NO; ions relative to NH.+ ions and the low NO)" reducing potential of the

vegetative organs of the plant at this stage of development.

Plant-induced changes in nutrient solution pH varied with the form of N in the

solution. When NO; was the only form of N present. pH levels consistently

increased from the initiailevel. However, solution pH decreased when NH. + was

present in quantities as low 0.5% of the total N (Dodge and Hiau, 1972).

Mackown and Sanford (1986) used a injection technique to study nitrate

assimilation in winter wheat. ln this technique selected culms were injected once only

with 100 !LM of solution.

Ma and Smith (1992c) recently reportedthe use of a peduncle perfusion

technique to deliver nitrogen solutions continuously during grain-filling into barley.

Their results show that the peduncle perfusion system is capable of delivering large

quantities of substances to the developing grain of hollow-stemmed grasses. In

addition, they mentioned severa! advantages in using intemode or peduncle injection

techniques to monitor nutrient metabolism, assimilate partitioning and protein

synthesis: nutrients can be added at specific times and in specific concentrations,

assimilation is rapid, combinations of materiais (nutrients, radiolabeled effectors,

plant growth regulators) can be added, and it is less damaging to the plant than leaf

feeding. Nitrogen is one of the most important and easily mobile macronutrients and

is therefore suitable for testing a stem perfusion technique (Ma and Smith, 1992c and

1994b).

1.6 Suitability of Barley for Nitrogen Physiology Investigations

In terms of total production, barley is the fourth most important food cereal

(Rasmussen, 1985). Since most agriculture is conducted under iimiting soil and

climatic conditions, studies of barley resistance to abiotic stresses are important. One
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of the important attributes of barley is salinity tolerance. While not a halophyte,

barley tolerates high salt concentrations in the soil (Levitt 1972; Ballantyne 1962).

How::ver, it has been reported that exposure of barley plants to high salt

concentrations alters some biochemical parameters of the ceUs (Stance et al., 1992).

Pesci (1989) has observed accumulation of proline in barley leaf segments treated

with ABA and KCl or NaC\. Accumulation of giycine and betaine in wheat plants

subjected to salt stress has also been observed by McDonnel and Wyn Jones (1988).

Because the peduncle perfusion technique (Ma and Smith 1992c) involves flooding the

peduncle cavity with solutions that may have reasonably high osmotic levels tolerance

to salt stress is important.

Cultivated barley, is an important experimental subject for genetic and plant

breeding studies of the cereal crops. Geneticists and plant breeders have looked to

barley because of genetic characters such as: 1) its diploid nature, which allows the

classification and analysis of numerous hereditary characters, 2) low chromosome

number (2n= 14), 3) relatively large chromosomes, which permit detection of many

kinds of chromosome aberrations, 4) high degree of self fertility, and 5) ease of

hybridization (Rasmusson, 1985).

Because it is diploid mutants are much more easily identified than in polyploid

crops such as wheat or oat. Such mutants can be invaluable in physiological studies.

1.7 Hypotheses

The general hypothesis is that barley plants have the physiological capacity to

store substantially more protein in grain than is normally observed and that

application of N solutions and/or sorne plants growth regulators to barley plants

during the grain filling period willlead to substantial increases in the accumulation of

protein in grain.

Specific hypotheses are: 1) the roots are a bottle-neck for N eritry into cereal

plants, 2) the addition of sorne plant growth regulators will substantially alter the

distribution of N among plant parts, 3) the stimulatory effects of peduncle perfused

PGR and N (urea), and soil N on seed protein concentration are additive, 4) the

peduncle perfusion technique can be applied to field grown plants and will produce
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essentially the same results as have already been observed ~" conlroll<:d environmcnl

produced plants.

1.8 Objectives

The general objective is to use the peduncle perfusion technique 10 invcstigatc

aspects of overall cereal crop N and related metabolisms and the physiological effecls

of changes in this metabolism.

The specifie objectives are to investigate the effect of post-anthesis N and/or

plant growth regulator addition through the peduncle coupled with various lcvcls of N

addition to the roct environment on the N dynamics of:

1) grain through effects on seed number, seed weight per spike and sccd. grain

protein conce: ltration and spike protein content,

2) mainstem and flag leaf through effects on weight and protein concentration at

physiological maturity, and flag leaf net photosynthesis, stomatal conductance,

transpiration and intercellular Co, concentration.
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Preface to Section 2

Scction 2 is material intended for a manuscript by K. Foroutan-pour and D.L. Smith

which will be submitted for publication in the Annuals of Botany. The format has

bccn changcd to conform as much as possible with the guidelines set by the Faculty of

Graduate Sciences and to be consistent within this thesis. Tables and Figures are

presentee! immee!iately after they have been discussed. References are listee! in a

separate section at the end of the thesis.

In this section we address the effects of soil N, peduncle N and Plant growth

rcgulator on accumulation of protein in grain.
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Section 2

PROTEIN ACCUMULATION POTENTIAL IN

BARLEY GRAIN AS AFFECTED BY SOIL

AND PEDUNCLE APPLIED N, AND PEDUNCLE

APPLIED PLANT GROWTH REGULATORS

2.1 ABSTRACT

In this study, the peduncle perfusion' system was used to deliver a range of

plant growth regulators (pGR) and/or N solutions to barley plants during the grain

filling period. Three experiments were conducted to determine the physiological and

developmental effects of 1) peduncle administered PGR, 2) combinations of soil and

peduncle applied N, and 3) the combination of soi! applicd N, and pedunc1e

administered N and PGR on barley plants during grain filling. Aspects of N and dry

matter accumulation and photosynthesis were measured. The perfusion technique

floods the peduncle interior with a treatment solution for period of wceks to months,

allowing the plant to take up administered substances from the perfused solution. The

firsl experiment tested four PGR: ABA at 0.01, 0.1 and 1 mg L-I
, kinetin at 0.1, 1

and 10 mg L"t, GA) at 0.1, 1 and 10 mg L-I, 2,4-0 at 0.15, 1.5 and 15 mg L,I. The

second experiment tested three levels of soi! N fertillty (0, 5.4, and 10.7 mM N

fertilizer solution applied as NH.NOJ, and two concentrations of peduncle added N

(0 and 30 m M N as urea). The third experiment tested four PGR: ABA at 1 mg L·I ,

kinetin at 10 mg L"I, GA) at 10 mg L·I, 2,4-0 at 15 mg L-I, and two concentrations

of soi! N fertility (0 and 10.7 mM N), and two concentrations of pedunc1e added N (0

and 30 m M N). Oistilled water controIs were included in each experiment. The

volumes of solution taken up ranged from 21 to 174 mL planrl
, with an average of'

value of 110 mL planrl
• For experiment l, ABA and 2,4-0 decreased total sced

weight of the perfused spilee. Protein concentration and content per secd of plants

receiving 2,4-0 and gibberellic acid were highest and those of plants receiving ABA

were lowest. The frequeney and degree of PGR effects were greatest for the top third
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of the spike. Kinetin and abscisic acid treatments generally resulted in the highest

and Iowest levels, respectively, for flag leaf net photosynthesis, stomatal conductance,

transpiration and intercellular CO:! concentration. For experiment 2, both seed

protein content spike" and seed protein concentration in plants fertilized with 10.7

mM N via the soil and plants perfused with 30 mM N via the peduncle were higher

than other treatments. For experiment 3, plants receiving treatments of 10.7 mM N

from the soil and mixture of 30 mM N and GA) or 2,4-D through the peduncle had

increased protein content per seed, and the highest total seed weight produced by the

perfused stem, respectively. Consequently, they both increased grain protein

concentration and spike protein content.

2.2 INTRODUCTION

Il has becn demonstrated that protein accumulation in the developing grain is

under hormonal control (Oritant et al., 1971; Wareing et al., 1967), and is influenced

by the amount of N available (Ma et al., 1992c, 1994b). However, the effect of

hormonal activities on accumulation of protein in seed has not been widely

investigated. Among the PGRs ethephon and 2,4-D have been most studied.

The herbicide 2,4-D frequently affects the distribution of protein in plants and

sometimes, as might be expected from its stimulating effect on nitrate reduction, it

increases the total content of organic nitrogen (Hewitt et al., 1968). Nitrate

reduction, the tirst stage of NO; assimilation by plants, is carried out by nitrate

reductase (Salsac et al., 1987). Martin et al. (1990) investigated effects of herbicides

applied at three growth stages on spring wheat crriticum aestivum L.). They found

that auxin based herbicides increased seed protein content, particularly when applied

at zadoks growth stage (ZGS) 44. Praline and lysine content were not influenced-by

herbicide treatment at any stage of application. Indol-3-acetic acid (IAA) has becn

reported to increase stomatal aperture and stimulate photosynthesis (Davies et al.,

1987; Guinn et al. 1993). There is evidence that IAA alters the pattern of weight per

seed between and within the car (Bangerth et al., 1985; Rademacher and Graebe

1984).
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Ma et al. (1994a, 1994b) have already investigated the effects of pcduncle

perfused ethephon (ethylene) on barley seed protein accumulation. They found that

ethephon can increase protein components in grain.

Kaufman et al. (1983) and Shewry (1992) found that the two major effccts of

GA in barley and severa! other plant spccies, are (i) stimulation of internode

elongation in the culm or stem, with corresponding effccts on leaf shape and

inflorescence characteristics, and (ii) stimulation of grain germination and seedling

growth. Stem and leaf extension are plant responses to increased levels of

endogenous gibberellins (Kirby et al., 1970). The only investigations of gibberellins

and seed protein involve a-amylase. Gibberellin induces the formation of a-amylase

by increasing Ca+2 flux into the endoplasmic reticulum in the aleurone layer of barley

seeds (Bush et al., 1993; Hewitt et al., 1968).

Davies et al. (1987) found that cytokinins increased stomatal aperture and as a

result, increased photosynthesis. Michael et al. (1972) and Herzong (1982) found that

there is a relationship between grain size of wheat and barley and cytokinin level,

especially during the initial two weeks after anthesis. If cytokinin effccts on seed size

alter one of the two major components (carbohydrate and protein) more than the

other, the seed protein concentration will be affected. There have been no

investigations of cytokinin effects on seed protein accumulation.

Abscisic acid (ABA) is best known as a growth inhibitor (Walton 1980). It

has been reported that ABA decreases stomatal aperture and, as a result, dccreases

photosynthesis (Seemann et aI., 1987; Austin et aI., 1986). Koshkin et al.. (1990)

found an inverse relationship between seed ABA concentration and seed size when

comparing the most recent and oldest wheat cultivars. The ABA concentration per

ear increased from the older to the modem cultivars. However. Bousquet et al.•

(1990) found no relationship between ABA content and l000-grain weight in wheat.

Abscisic acid decreases bath Ca+2 flux into the endoplasmic reticulum and the amount

of calcium lhat accumulates in the endoplasmic reticulum of barley aleurone cells in

vivo (Bush el al.. 1993). Rademacher et aI. (1984) found that the maximum ABA

concentration was higher in smaller-grained spring wheal cultivars. There have been

no investigations of ABA effects on seed protein accumulation.
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Soil nitrogen and redistribution of nitrogen in the plant are normally the two

possible sources of nitrogen in cerea1 plants during the grain-filling period (Dalling et

al., 1975). In addition, under experimental conditions peduncIe perfused solutions

can be a third nitrogen source (l\{a et al. 1992c, 1994b).

Grain protein concentration was increased by application of N fertilizer to corn

(Zhang et al., 1993; Ippersil et al., 1989), oat (portch et al., 1968), wheat (Doyle et

al., 1991; Gooding et al., 1991; Warder et al., 1963), and barley (Bulman et al.,

1993b and 1993a; Birch et al., 1990; Kucey, 1987).

A technique for continuously administering PGR substances has recently becn

developed by Ma and Smith (1992c) for hollow-stemmed plants such as barley. Prior

to development of this technique there was no method for the study of long term

perturbation of cereal carbon and N metabolisms by direct addition of substances.

For instance, Mater et al. (1984) used the substantially more disruptive spike culture

method, but felt that the carbon metabolism of the isolated spikes was not normal.

Others have attempted such studies in tissue culture (Soares et al. 1986; Dodge et al.

1972), an even more artificial circumstance. Ma and Smith (1992c) used the

peduncle perfusion technique to supply N containing solutions to barley plants during

the grain filling period. They found that this system is capable of delivering large

quantities of substances to developing cereal grains under normal growing conditions

and without trauma to the plants. Ma et al. (1992c and 1994b) found that peduncle

perfused nitrogen solutions increased seed nitrogen compared with nonperfused or

distilled water perfused controIs. They did not investigate the combined effects of

high soil N fertility and peduncle perfused N.

Since protein synthesis is under hormonal control, it can be hypothesized that a

combination of plant growth regulators which stimulate barley grain protein

accumulation, peduncIe perfused nitrogen, and soil supplied nitrogen could lead to

expression of the maximum protein accumulation potentia1 of barley seeds.

Three experiments were condueted to determine the physiologica1 and

developmental effects of 1) PGR, 2) combinations of sail and peduncle N and 3) the

combination of selected sail N levels, peduncle N levels and PGR administered during

grain fil1ing on the physiology and development of barley plants and the ability of
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2.3 MATERIALS AND METHODS

Three experiments were carried out in the greenhouse of the Plant Science

Department of McGiIl University, Ste Anne de Bellevue, QC. Canada. The rooting

medium of each experiment was 1:2:3:3 mixture (by volume) of peat, vermiculite.

promix and soil. The plants were grown in pots that were 155 mm in diameter and

150 mm deep (a 2.5 L pot). Five seeds of Leger, a spring barley cultivar widely

grown in eastem Canada, were planted in each pot. The seedlings were thinned to

one per pot when the plants reached Zodaks growth stage (ZGS) 12, (two leaves

unfolded) (Zadoks et al.. 1974). The pots were examined daily and watered

whenever necessary. Artificial Iight was used to complement naturallight when the

natural Iight was not sufficient. Each experiment was arranged in a randomized

complete block design with three blocks and one replication of each treatment in each

block.

A syringe perfusion system was set up when the plants reached ZGS 65

(anthesis). For each main stem, the flag leaf sheath was carefully opened to expose

the peduncle for the maximum possible length without injury. Two 26-gauge needles

were inserted into the peduncle at a 45 0 angle. The first needle was approximateIy 5

cm below the collar and served to allow air to escape during flooding of the peduncle.

The second needle was 5 to 10 cm below the tirst and 2 to 10 cm above the flag leaf

node. The peduncle surface and the needle were surrounded by a triangle of

masking tape to fonn a cup against the side of the peduncle. The cup was filled with

fluid latex (Vultex, Genera! Latex Canada, QC), which dried over the course of

severa! days, SeaIing the needle to the peduncle.

Solutions were added to the system when the latex was completely dry (after

about 48 h). A flexible plastic tubing (Tygon i.d. 0.8 mm, o.d. 2.4 mm) was

connected to the needles and fixed with silicone seal. These needles were the

standard disposable type (Becton Dickinson, Rutherford, NJ), with the plastic portion

• rerrioved. A 6O-mL syringe barrel fitted with a 21-gauge needle was altached to the

tubing leading to the lower needle. This syringe acted as a reservoir of the solution
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to be tcstcd and was held above the spike. The top of the syringe barrel was covercd

with a stopper to avoid loss of solution through evaporation and stop insects, etc.

from falling into the reservoir. A necdle was insened through the stopper to allow air

to enter into the space inside the syringe. The open end of the other tube was held

above tl:e top of the syringe barrel.

When solution was added to the syringe barrel, il flowed into the boItom of

the peduncle, through the peduncle, and up the tube at the peduncle top. The level of

the solution in the syringe barrel reservoir and the upper tube were always the same.

The whole system was attached to a bamboo support stake with a rubber band. In

each experiment, 1 or 2 of the 18 peduncles initially injected showed signs of leakage

or blockage. This potential problem was dealt with by equipping more plants than

were necded with the perfusion apparatus. After a solution was added to the syringe

barrel, injected peduncles were examined until maturity to make sure that solution

was moving out of the syringe reservoir and that there were no leaks.

In these experiments, data were collected 1) during the plant development

[daily amount of absorbed solution, flag leaf photosynthesis (only in experiments 1

and 3) and time of maturity], and 2) at harvest [total amount of absorbed solution,

total secd weight, grain weight, mainstem and flag leaf weight (not measured in

experiment 1), concentration of protein in mainstem, flag leaf and secd (concentration

of protein in mainstem and flag leaf was not measured in experiment 1), and secd

protein concentration in bottom, middle and upper thirds of the spike (only in

experiment 1)]. The spike was divided into three portions because previous work bas

shown that the distal region of spike is quite sensitive against changes induced by

PGR (ethephon) application (Ma et al., 1994a).

Grains were ground with a Udy cyclone mill (Udy COlp., Fort Collins, CO)

fitted with a 1 mm sereen. The resulting flour samples were digested with sulphuric

acid plus S-type Kjeltab catalyst [recator Manual, Kjeltec System 1002 Distilling Unit

(Tecator, Hoganas, Sweden)] and the resulting NB. was distilled into H3B03 and

quantified by titration with dilute acid (AACC, 1983; Bradstreet, 1965). Rel>111ts were

expressed as average weight per grain, and grain N concentration (g kg"l).
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Net photosynthesis VLmol m·2 S'I), transpiration (mol m·2 S"). stomatal

conductance (mol m·2 S"), and intercellular CO2 concentration (mM) were measured

by the LI-COR 6200 photosynthesis system (Li-Cor, Lincoln, Nebraska).

Measurements were slarted ten days after injection and repeated once a week for three

weeks. In the case of net photosynthesis and transpiration rate, quantum density

(l'mol m·2 S") and leaf temperature (OC), respeetively were included in the statistical

models as covariable terms.

The data were analyzed with GLM and MANOVA (repeated measure design)

procedures of the SAS package (SAS Institute, 1985), aecording to Steel and Torrie

(1980). The amount of solution de1ivered into a pedunele was used as a covariable

for the analysis of average grain weight and grain N concentration. Significance

between individual means was determined by protected least significant difference (P

S O.OS) analysis.

2.3.1 Experiment 1

The tirst experiment was planted 20 February 1993 and harvested on 26 June

1993. Two and half grams (2.5 g VI) of 20-20-20 N-P-K commereial fertilizer was

added to eaeh pot after thinning, at tillering, and at plant heading. Except at maturity

the plants always appeared green and hea1thy. Treatments were imposed, on 13 April

approximately 3 days aCter the mainstem heading stage.

The experimental design was S by 3 factorial. Four PGR, including ABA at

0.01,0.1 and 1 mg L·I , kinetin at 0.1, 1 and 10 mg L-I , GA) at 0.1, l, and 10 mg L'

1, 2,4-D at O.IS, 1.S and lS mg VI, were tested. These solution were added from

severa! days after heading to harvesting. A distilled water control was also included.

Sinee ethephon (ethylene) has already been tested with the peduncle perfusion

technique (Ma et al., 1994a, 1994b), it was not included in this work. The

intermediate level of each PGR is the standard one used in plant tissue culture, while

the low and high leve1s are an order of magnitude above and be10w the intermediate

level.
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2.3.2 Experiment 2

The second experiment was planted 5 May 1993 and harvested on Il

September 1993. Treatments were imposed, on 2 August approximately 3 days after

the mainstem heading stage.

The experimental design was a 3 by 2 factorial. The factors were soil N

fertility [0, 5.4, and 10.7 mM N as N!i.(N03) added, in volumes sufficient to saturate

the soil, at four growth stages: three leaf, tillering, heading, and grain-filling) and

concentration of peduncle added N (0 and 30 m M N as urea, perfused from the

heading stage until end of the grain filling). The 10.7 mM N level was selected as

this is equal to 150 mg N L-I or, given a 25 % pore space (usual in most soils) and

from waterings with the N fertilizer solution this equals 375 mg N planrl
• At a

seeding rate of 300 plants m·2 this equals 150 kg N ha·l
, a very high level for

cultivars grown in eastem Canada (Bulman and Smith 1993b). Bulman and Smith

(1993b) found that application of N fertilizer above 150 kg N ha·1 does not increase

seed protein. The 30 mM N level was selected for peduncle perfusion as high levels

were found to cause salt damage (Ma and Smith 1992c).

2.3.3 Experiment 3

The third experiment was planted 13 November 1993 and harvested on 15

Febrary 1994. Treatments were imposed, on 25 January 1994 approximately 3 days

after the mainstem heading stage.

The experimental design was a 5 by 2 by 2 factorial. Four PGR, including

ABA at 1 mg Vi, kinetin at 10 mg L-" GA3 at 10 mg L'" and 2,4-D at 15 mg L-I,

were tested. These PGR were selected as they produced the most interesting effects

in experiment 1. AIso included was distilled water as a control. Two concentrations

of N were applied ta the soil, these were 0 and 10.7 mM N as NH.N03 added, in

volumes sufficient to saturate the soil, at five stages: seedling growth, three leaf,

tillering, heading, grain-filling. Two concentrations of peduncle applied N (0 and 30

mM N as urea) were applied from the heading stage until physiological maturity

stage.
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2.4 RESULTS AND DISCUSSION

2.4.1 Solution uptake

ln this experiment, the pedunc1e perfusion system developed by Ma and Smith

(1992c) was used to deliver various PGR to barley plants during the grain filling

period. The average volume of pedunc1e solution taken up was 125.9 mL per

peduncle for experiment l, 120.1 mL per pedunc1e for experiment 2 and 84.3 mL pcr

peduncle for experiment 3. The perfusion periods were 66, 40 and 20 days for

experiments 1,2 and 3, respectively. ln experiment 3, the ABA solution was taken

up in higher volumes and, the kinetin solution in lower volumes than distilled water.

Compared to previous studies (Ma et al. 1992c , 1994b) average uptake by plants in

experiments 1 and 2 were high. This large uptake volumes may have becn due to the

long time periods during which perfusion occurred. Plants were allowed to absorbcd

solution until maturity, whHe, Ma et al. (1992c, 1994b) kept plants on the perfusion

system for 20 to 30 days.

Table 2.1 shows the means + standard error of solutions absorbed. Variation

in volume ranged from 91 to 152 mL, 94 to 138 mL and 21 to 174 mL for

experiments 1,2 and 3, respectively. For each plant, lowering the open end of the

upper tube to the level of the peduncle resulted in solution dripping from that tube at

a rate of severa! mL per minute, indicating that the variation between plant;; in rate of

solution uptake was not due to restrictions on the rate of solution delivery to the

pedunc1e, but rather to differences in solution absorption between plants. ln these

experiments the volume of solution absorbed was not a significant covariable for

average weight per seed and grain protein concentration. Differences in the uptake

volume between the perfused solutions are probably due to the greater osmotic

potential of the more concentrated solutions.

The average daily uptake of solutions by plants was maximal at the beginning

of the perfusion period with fluctuation during the tirst few days followed by an

approximately linear decline of -0.06 mL day"l in experiment 1, -0.12 mL day"1 in

experiment 2, and -0.11 mL day·\ for experiment 3 (Fig 2.1). A similar decline was

not notee! by Ma and Smith (1992c, 1994b).
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• Table 2.1. Absorption of perfused solution through the peduncles of barley plants

(values are mean ± s.e.).

Treatment Experiment 1 Experiment 2 Experiment 3

Plant growth regulator -mL- --mL-- ----mL----

2,4-0 124.1 ± 5.7 91.9 ± 8.5

Gibberellic acid (GA) 121.6 + 6.6 80.8 ± 7.9

Kinetin 118.0 ± 5.2 34.3 ± 2.8

'Abscisic acid (ABA) 120.8 ± 4.9 125.4 ± 11.7

Oistilled water 145.2 ± 1.8 89.0 ± 7.3

Level""

Low 139.1 ± 2.3

Intermediate 127.1 ± 3.7

High 111.6 ± 4.4

NSoil~N~

10.7 mM 120.8 ± 3.6 83.7 ± 7.5

5.4 mM 124.8 + 4.1

Oistilled water 114.7 + 7.0 84.9 + 7.4

N Peduncle (Urea)

30 mM 112.2 + 3.5 74.4 ± 6.5

Oistilled water 128.0 ± 3.1 93.2 ± 7.9

.,.. The intermediate level is the standard one used in plant tissue culture, while the

low and high levels are an order of magnitude above and below the intermediate• level, respectively.
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Fig. 2. 1. Average daily uptake of solution for
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2.4.2 Growth and development

2.4.2.1 Experiment 1

Number of seeds produced on the perfused stcm of plants treated with 2,4-D

and ABA was lower than other treatments (fable 2.2). Higher concentrations of

ABA and lower concentrations of lAA were found in aborted kemels than nonaborted

kemeIs of maize~~ L.) (Reed et al., 1989). Therefore abscisic acid may

promote kemel abortion after kemel formation has been initiated. There were no

differences between various PGR for weight per seed (fable 2.2).

Differences were found among PGRs for total seed weight produced by the

spikc of the perfused stem. Abscisic acid and 2,4-D caused spike seed weight to

decrease compared to other treatments. These effects are due to peduncle seed

number. The IAA effects are surprising as Bangerth et al. (1985) found a positive

correlation between IAA concentration and dry weight accumulation rate in grain. A

similar correlation was reported by Rademacher et al. (1984) between accumulation of

starch in grain and IAA grain content. In contrast, these workers found a negative

correlation between grain size and ABA grain concentration.

Mean grain protein content varied among treatments (fable 2.2).

Accumulation of protein in the grain of plants receiving 2,4-D and gibbereilic acid

through the peduncle was higher than that of plants receiving ABA. However, only

the grain protein contents in plants receiving 2,4-D was different from, and in this

case higher than, that of plants treated with distilled water. Martin et al. (1990)

investigated 2,4-D effects on spring wheat and found that auxin herbicides promoted

seed protein concentration, especially when applied at the boot stage.

Net photosynthesis (,tmol m-2 S'I), transpiration (mol m-2 S·I), stomatal

conductance (mol m-2 S·I), and interceilular C~ concentration (mM) were not

different among the applied PGR (data not shown). Transpiration and stomatal

conductance were higher at thè intermediate solution concentrations than the high

solution concentrations•

.27



• Table 2.2. Mean seed number, seed weight produced by the spike of the infuSéd stem. gmin
protein concentration, spike protein content, weight per seed, protein content per secd. and Séed
number. seed weight and spike protein content produced by the middle 7 nodes of the infuSéd
stem spike for experiment 1.

Tn::Itment Mc:lSurcment+
,

Enlirc Spikc
, Second 7 n\k1cs.,
1
• SPCGPC SW SPC WS PCS , SW,

PGR+ SN -mg g"- -g- -mg- -mg- -mg- 1 SN -~- -m~-

1
2.4-0 t4.1+ b 157.1+ a 0.49+ b 75.9+b 34.1 5.4+ • : 22.9+ b 0.80+ .b 1I7.5+b

1
GA, 16.4 a 156.9 • 0.56 • 87.9 a 33.9 5.3 .b : ~.3 :l 0.86 • 14~.7 :l

1
Kinetin 16.4 • 149.6 b 0.56. S3.2 ab 33.7 5.1 be : 23.8 ab 0.79 .b 117.1 b

1
ABA 13.8 b 142.5 " 0.46 b 65.5 e 33.4 4.8 e : 21.8 b 0.72 b IO:!.6 c,,
OW 16.4 • 148.3 b 0.56 a 83.0 ab 33.9 5.1 be : 23.2 b 0.77 :ab 113.4 be,
F le'lll- ••• ••• ••• ••• NS •• • • •••
Level NS NS NS NS NS NS NS NS NS

LcvclX
PGR NS NS NS NS NS NS NS NS NS

C.V.· 7.3 3.4 9.5 10.5 4.8 6.2 9.1 11.3 12.6

+ PGR = plant growth regulator; GA, = gibberellic acid; ABA =abscisic acid; DW =
dislilled water
+ Measurement notation: SN =seed number; GPC = grain prolein concentration; SW = seed
weight per spike; SPC =spike protein content; WS = weight per seed; PCS = protein conlent
per seed;
+ Within a column means followed by the same lener are not differenl by a protected LSD......
.. NS, a, aa, or aaa For the overall model; no significant difference or differenl at the O.OS,
0.01 and O.OOllevel ofprobability, respectively.
~ Coefficient variation (%)

•
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Previous research into PGR effeets on stomatal aperture and photosynthesis

raIe gcnerally found that ABA deereases stomatal aperture and, as a result, deereases

pholosynlhesis (Seemann et al., 1987). In contrast, indol-3-acetic acid (IAA) and

cytokinins increased stomatal opening and stimulated photosynthesis (Davies et al.,

1987; Austin et al., 1986). In addition, Ma et al. (l992a) found that ethephon

application to spring barley caused an increase in penultimate leaf photosynthetic rates

a few days after ethcphon application.

Mean seed number, seed weight and spike protein content for each section of

the spike (top, middle, bottom) were analyzed separately (Tables 2.2 and 2.3). There

were interaction effeets between PGR types and levels for the botlom 7 and top nodes

for seed number, total seed weight and total protein content. No interaction effeet

was observed at the middle 7 nodes of the spike.

Seed number, total seed weight and total seed protein content of the middle 7

spike nodes were Jowered when plants were treated with ABA and increased when

plants received GA3 (Table 2.2). Reed et al. (1989) concluded that, after completion

of flower abortion at the ear tip, aborted kemels contained higher concentrations of

ABA and lower concentrations of lM than non-aborted kemels. Thus, ABA may

increase kemel abortion at the spike tip. High values for seed number, total seed

weight and total protein for the lowest 7 nodes were observed for plants treated with

GA3 at the highest concentration. At the lowest concentration GA3 treatment resulted

in low seed number and seed weight in each spike section (Table 2.3). Kinetin at the

intermediate concentration caused low total protein accumulation for each spike

section. Law values of this variable at the top nodes were found when plants

received 2,4-D at the intermediate concentration.

Data on seed number, total seed weight per spike and total spike section

protein content (Tables 2.2 and 2.3) were also analyzed by repeated measure design

(Crowder and Rand 1990) to test for differences between different sections of spike.

There were highly significant differences between the three spike sections. There

were often no differences between PGRs, at the spike bottom and middle, but at the

tip of the spike differences occurred frequently.
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T3ble 2.3. Me3n seed number, seed weight per >l'ike 3nd >l'ike section protein content :Il

v:Irious combir.:ltions between PGRs 3nd levels for first 3nd tor nodes for experimcnt 1.

Bouam Top
Trc::ltment nodes .odes

, 1,
Secd Spike

,
5<.-.1 Spi),;..:, ,,

wcight t'roleîn
,

wcil:ln rrolcin, ,, ,
: Secd pcr spiJ<c content : Secd rel' spik..: content

PGR+ Leve!'" : numbc:r -g- -mg- : numbcr -"g-- - Inl:-
1 1

High 1 13.0+ d 0.44+ de 75.2+bc 1 7.0+ de O.'23f · Il 34.1+ clolc1 1

1 1
2.4-D Intcnnediate 1 14.7 .bcd 0.53 .bcd 92.2 .b • 2.7 O.OS f 12.1 f, • g

• ,, ,
Law

,
14.7 .bcd 0.51 .bcd 92.7 .b

,
6.7 de 0.22 d 33.6 c~lc, ,

1 1
High

,
15.7 0.59 104.1

,
9.7 bc 0.31 he 3S.9 bcd, • • • ,

1 1
CA, Intenncdiatc

,
15.7 0.56 .b 100.5 •

,
10.7 :lh 0.35 :th 46.2 .h, • ,, ,, ,

Low
,

13.0 d 0.43 d 13.5 bc
,

7.7 de (\24 cd 30.9 de, ,
1 1

High
,

14.0 .bcd 0.48 .bcd 7S.2 bc
,

Il.7 .b 0.37 :th 54.1, , •1 1
Kinclin Intenncdiatc 1 13.7 bcd 0.47 bcd 70.9 e

,
11.3 .b 0.37 .b 52.7, , •1 1

Low 1 15.3 .b 0.58 • 89.9 .bc
,

10.7 .b 0.35 .b 51.6 •1 ,
1 1

High 1 14.0 .bcd 0.46 bcd 71.2 : 5.3 cf 0.18 de 21.8 ef1 e
1 1

ABA Intcnncdi:ttc 1 15.0 .bc 0.51 .bcd 13.8 bc 1 5.3 cf 0.17 de 23.1 cf1 1
1 1
1 1

Law 1 15.0 .bc 0.55 .b 86.7 .bc
,

4.0 fg 0.13 cf 17.1 f1 •1 1
High 1 14.7 .bcd 0.54 .bc 86.1 .bc

,
Il.7 .b 0.37 .b 53.9 •• ,

1 1
DW Intcnncdi:atc • 15.0 .bc 0.55 .b 91.2 .bc

,
10.7 .b 0.35 ;th 44.8 .he, ,, ,, 1

Law
,

13.3 de 0.46 bcd 74.6 bc 1 12.3 • 0.39 • 54.2 •1 1
1 1

F tcst~ • •• • •• •• ••

C.V.~ 7.6 12.2 14.5 16.0 16.6 17.8

+ PGR = plant growth regulator; GA, = gibberellic acid; ABA = 3bscisic acid; DW =
distilled water
+ Within a column means followed by the same letter art: not difft:rent by a proteeted !.SDn.",.
~ NS, *, **, or a** For the overall model; no significant difference or diftèrent at the O.OS,

0.01 and 0.001 level of probability, respectively.
-l Coefficient variation (%)
.,. The intermediate Jevel is the standard one used in plant tissue culture, while the low and
high levels are an order of magnitude above and below the intermediate level, rcspcctively•
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The rank of three spike sections for seed number, total seed weight and total

protein content were middle > boltom > top, in aIl three cases. The ranking of

mean grain weight and grain protein concentration were both boltom > middle >
top. Ma et al. (1994a) found that the rank for grain weight was middle > boltom >
top, and boltom > middle = top section of the spike for grain N concentration.

2.4.2.2 Experiment 2 .

There were no differences arnong treatments applied through the peduncle for

seed number. However, seed number differed with soil applied N leveI. Number of

seeds in plants fertilized by 10.7 mM N was higher than in other treatments (Table

2.4). Given that seed number is established at anthesis and that the soil N treatments

were applied before anthesis, and that peduncle N treatments were applied after

anthesis, this result seems reasonable.

Total seed weight produced by a perfused stem and weight per seed were

generally not affected by treatments applied in the soil or treatments applied in the

peduncle. Total seed weight per spike was an exception, being higher than plants

treated with 10.7 mM soil applied N (Tables 2.4). The average weight per seed was

33.4 mg. No difference for weight per seed of plants perfused with various N

concentrations was reported by Ma et al. (1992c, 1994b).

Plants receiving 10.7 mM soil N or 30 mM peduncle N had higher protein

content and concentration per seed than other treatments. Given that the 10.7 mM N

treatment is approximateIy equal 10 150 kg Nha'·, a leveI above which the protein

concentration of barley no longer responds to increased soil N fertility (Bu1man and

Smith 1993b), the increased seed protein content and concentration when peduncle

perfused N is added to treatment receiving 10.7 mM soil fertility suggests that the

accumulation of badey seed N is Iimited by the ability of the plant roots, rather than

the seeds, to take up N.

Bath treatments imposed in the soil and peduncle affected spike protein content

and grain protein concentration (Table 2.4). Plants perfused with 30 mM N through

the peduncle had higher spike and grain protein concentrations than plants perfused

with distilled water. Sïirtilar results were reported by Ma et al. (I992c, 1994b). Bath
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Table 2.4. Mean seed numbcr. Sc:cd weight produc:ed by the spike of the Înlùscd stem. grolin J'lrotein
concentration. spike protein content, weight per seed, protein content per sced. t1a~ le:tf wcight. tl.tg h:.af
protcin concentr:ltion. mainstem weight. and mainstem protein concentration for experiment 2.

Tn::llmcnt Mcasun:menC""

NSoil OPC SW SPC WS PCS FW FPC MW MPC
(Nll,NO,) SN lnJ: ~'I ;:- -m:- -m:- -m:- -".. m~ J:'I -~- nll: it·1

10.71 mM S8.S+11 169.3+ a 2.0+. 327.8+. 33.3 5.6+. 0.26+ Il 115.7+ Il 1.8+ Il S3.4+ •

S.36mM SS.O ob IISo5 b 1.9 ob 217.7 b 33.8 3.9 b 0.21 b 75.7 h 1.6 b 34.3 h

DW+ SOo5 b 110.7 b 1.7b 186.1 b 33.3 3.7 b 0.19 h 6K.S h 1.6 h 17.lt c

F le$ll- ... NS
_.

NS - ... ... •

N ~dunc:lc:

(Urco)

30 mM SS.1 IS3.6+ a 1.9 2SS.6+. 33.6 5.2+ Il 0.23 125.2+ • 1.6 38.4+ Il

DW+ 54.2 110.0 b 1.8 20"-2 b 33.3 3.7 h o.n 48.0 h 1.7 31.9 b

FIC><> NS ... NS - NS .- NS NS •

NSoilX
N Pcdunclc NS NS NS NS NS NS NS NS NS NS

C.V.< 7.9 405 Il.3 10.2 7.1 6.4 7.4 9.2 6.1 13.2

+ DW =diSlilleel waler
+ Measurement not:ltion: SN =seed number; GPC =grain protein concenlration; SW = seeel weighl p"r
~;pike; SPC CI spike protein content; WS - weigbt per seed; PCS - protcin content ~r 5Ccd; FW - fi.tg
leafweight of main.oçtem; FPC - fias, teaf protein concentration of main.onem; MW III muinstem weight;
MPC ::: main.~em protein concentration
+ Within a column means followed by the same lener arc nol diffcrenl by a protoctcd LSl:\,..,.
~ NS,", "", or """ For the overall model; no significanl difference or diffcrenl al the O.OS, 0.01 and
0.001 level ofprobabiliIy. respecIively.
i Coefficienl Variation (%>
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tota: spike protein content and grain protein concentration in plants fertilized with

10.7 mM N via the soil were higher than in plants receiving 5.4 mM N or distilled

water. Bulman and Smith (1993b) found that higher rates of nitrogen fertilizer

applied at seeding or at awn emergence increased the amount of protein per grain,

grain protein concentration, plant N concentrations, total plant N accumulation, and

grain N accumulation. They also found that applying sorne of the N at seeding and

sorne at heading increased grain protein concentration compared to a single

application of equivalent N amounts at seeding.

There were no interactions between nitrogen leve\s applied in soil and nitrogen

concentrations perfused into the peduncle.

There were no differences among peduncle N treatments for flag leaf weight

and mainstem weight. However, the highest soil N level increased flag leaf and

mainstem weight over other soil N treatments (Table 2.4).

Flag leaf and mainstem protein concentrations showed differences at various

nitrogen leve\s in the ~oil and peduncle. Flag leaf and mainstem protein

concentrations at 10.7 mM N in soil and 30 mM N in the peduncle were higher than

at other leve\s (Table 2.4). Ma et al. (1994b) also reported e\evated protein

concentrations in vegetative tissue due to peduncle perfusion with N containing

solutions.

Plants grown in soil receiving 10.7 mM N and peduncle perfused with 30 mM

N had high protein leve\s in the grain, flag leaf and mainstem. This suggests that

although the plants exhibited no nitrogen deficiency, with the addition of N through

the peduncle, translocation from vegetative tissues to grain was not complete.

In this study, maximum average protein concentration in grain was 189.0 mg

g.l. This maximum was found in plants receiving treatments of 10.7 mM N from soil

and 30 mM N through the peduncle. Sorne barley genolypeS grown in spike culture

in a growth~medium containing N, showed up to 350 mg go\ protein conCC'ltration per

seed (Corke and Atsmon, 1988 and 1990). However, Mather et al. (1984) fe\t that

carbohydrate deposition in seeds of spike cultured stems was not complete, 'which

could lead to high protein concentrations. The maximum grain protein concentration

found in plants perfused with 30 mM N (urea) and receiving more standard levels of
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soil N fertility was 153.6 mg go' (Ma and Smith 1992c). Our highest seed protein

concentration in the absence of peduncle perfused N was 169.3 mg go', thus

contributing of both soil and peduncle N sources for barley plant in this expcriment

improved grain protein concentration by 117%. Also, in this experiment plants

receiving 10.7 mM N from soil and 30 mM N via the peduncle showed 26% incrc.1.<;C

in grain protein concentration compared to plants receiving only 10.7 mM N from

soil. This suggests that although there was no interaction between nitrogen levels in

the soil and the peduncle, additional vegetative growth and N storage in vegetative

tissues may increase the content of N translocated to grain.

2.4.2.3 Experiment 3

In this experiment, plants receiving 10.7 mM N via the soil grew beller and

had a healthier appearance than plants receiving distil1ed water. ln addition, plants

fertilized with 10.7 mM N reached the heading stage later than plants receiving

distil1ed water in the soil.

Plant growth regulators can affect photosynthetie COz uptake either by

affecting stomatal aperture or by affecting the aetivity of photosynthetic enzymes. In

most cases._we found no interaction between PGR, pedunele nitrogen and soil

nitrogen concentrations for flag leaf stomatal conductance, transpiration, net

photosynthesis and intercel1ular C~ concentration (Table 2.5).

There were differenees between PGR for flag leaf net photosynthesis, stomatal

conductance, transpiration and interceUular C~ concentration. In most cases, kinetin

and abscisic aeid resulted in the highest and lowest rates, respectively (Table 2.5).

The single exception was ABA trealment which resulted in the highest value for net

photosynthesis. It bas been previously reported that lAA and cytokinins promote

stomatal opening (Davies and Mansfield, 1987; Incol1 and Jewer, 1987). Conversely,

ABA can close stomata and also decrease the activity of ribulose 1,5-bisphosphate

carboxylase, resulting in decreased photosynthesis (Seemann and Sharkey 1987). Ma

et al. (1992a) found that penultimate leaf photosynthesis rates increased slightly

immediately after ethephon application, and there was a tendency toward increased

photosynthetic rates thereafter.
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• Table 2.5. Mean flag leaf nel photosynthesis, stomatal conductance, transpiration and
intercellular concentration of barley plants as affected by interaction between PGRs. peduncle
and soil nilrogen concentrations for experiment 3.

Me::tsurcment=i=

l'Ianl l:l'O",th N reduncle N Soil NP SC T IC
rt'l:ulalOr (U...,.) (NII,NO,) p:rnol mO

: 5.1 mol m':s"' mmol m':s' I (CO,l mM

10.7 mM Il.2+ bcd 0.37+dcf~h 8.1+ dcf~h 8.6 + bcd
30 mM

0.59 12.5 !>cd ,bc2.4-D D.W. 13.2 ,bc bcdc 9.4

10.7 mM 14.1 ,bc 0.44 dcf~ 9.4 dcr~ 9.8 ,b
D.W.

cf~h cf~hD.W. 6.1 c 0.32 7.4 9.7 ,bc

10.7 mM 13.6 abc 0.27 f~h 6.5 f~h 7.7 d
30 mM

Gibbcrcllic acid (GA,) D.W. 8.6 de 0.51 cdcfS Il.4 bcd.: 9.5 ,bc

10.7 mM 15.2 ,b 0.50 cdefS 10.0 cdef~ 8.5 bcd
D.W.

D.W. 12.2 abcd 0.86 ac 14.8 ,b 9.2 abc

10.7 mM 15.1 ,b 0.52 cdcf~ 9.9 dcf~ 9.~ ,bc
30mM

Kinctin D.W. 11.1 bcd 0.S9 , 15.4 ,b 9.7 ,bc

10.7 mM 14.6 ,bc 0.64 ,!>cd Il.S bcdc S.S ,!>cd
D.W.

D.W. 12.6 abcd 0.91 a IS.6 , 10.3 a

10.7 mM 11.S abcd 0.23 Sh 6.6 fSh 7.S d
30 mM

Absc:isic acid (ABA) D.W. 14.9 ab 0.41 defs 10.0 cdcfS S.9 abcd

10.7 mM 15.6 • 0.24 fSh 6.3 Sh 7.S d
D.W.

D.W. S.7 de 0.12 h 4.0 h 7.S d

10.7 mM 10.6 ed O.S:! cdcf Il.0 bcdef 10.1.
30 mM

Distillcd watcr D.W. 14.1 .bc 0.79 ,bc 14.2,bc 9.5 .bc

10.7 mM 12.1 .bcd 0.43 dcf~ S.S dcf~ S.3 cd
D.W.

D.W. U.7 abcd 0.73 .bc 15.3 ab 10.1 •

PaR X N Pcduncle NS 0 0 NS

PaR X 1'1 Soil NS NS NS NS

N Pcdunclc X N Soil - NS NS NS

PaR X N Pcduncle X N Soil 00 NS NS NS

C.V.' 20.3 33.S :!6.2 9.6

+ Mc:asurement not:llÎon: NP :: nel pholOsynthcsis: SC :: stomabl condue:tsncc: T = lran.'(pil':llion: le =
inlcrccllu1ar concentnltion (CO,)
NS. or •• •• For the 0 ..",11 modcl: no significant or significant,t the 0.05. >Rd 0.01 prob,bilily Icvels.
resroctivcly.

• + Within a column m= foU~wcd by the ...me 1=.... not diJTcrent by , protectcd LSO"...,
Coeffic1cnt v:lriotion (l')
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We found that ABA caused a decrease in flag leaf stomatal conductance, transpiration

and interceUular CO2 concentration, bUI did not decrease flag leaf net photosynthesis

(Table 2.5). This suggests that while stomates were more closed sorne aspect of

photosynthesis inside the flag leaf functioned more efficiently and compensated for the

increased stomatal resistance.

Compared to distilled water, plants receiving 10.7 mM soil N had higher t1ag

leaf net photosynthesis. Conversely, flag leaf stomatal conductance, transpiration and

interceUular CO2 concentration in plants fertilized with 10.7 mM N in soil \Vere lower

than plants treated with distiUed water. The combination of higher photosynthetic

rates, more closed stomates and lower interceUular COz concentrations indicates that

the cause of the higher photosynthetic rates for the 10.7 mM soil N trcated plants was

due to better uptake of CO2 inside the leaves.

There was no difference between 30 mM N and distilled water peduncle

perfusion for net photosynthesis, stomatal conductance, transpiration, and intercellular

COz concentration (Table 2.5).

We did not observe PGR effects on photosynthetic variables in experiment l,

but we did in this experiment. The level of N fertility in experiment 1 was

intermediate for aU treatments. Ail the PGR related photosynthetic effects observed

in experiment 3 occurred at very high (soil N plus peduncle N) or very low (no N

fertilizer solutions added) N fertility.

PGR by pedunc1e nitrogen concentration interactions occurred for seed protein

concentration (mg g.l) (Table 2.6). In ail cases but one, the seed protein

concentration of plants perfused with PGR combined with nitrogen solutions was

significantly higher than those of plants perfused with the same PGR but combined

with distiUed water. The exception was the Iànetin treatment for which there was no

difference when combined with perfused nitrogen or distilled water.

Generally there were no interactions between PGR and nitrogen concentrations

in the soil or in the pedunc1e for mainstem protein contenL The exception was a PGR

by soil nitrogen concentration interaction (Table 2.7). Mainstem protein

concentrations were different among the various PGR, soil nitrogen treatments and
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• Table 2.6. Mean seed number produced by the spike of the infused stem, seed prOlein
concentration, mainstem prolein concentration and flag (eaf protein concentration of barley
plants receiving various interaction of PGRs, soi! and peduncle nitrogen concentrations for
experimem 3.

Sccd ~in~1cm FloS lC:lr
l'lantJ:rowth N redunde N Soil Sccd protcin~ protc:in C protan C
~u"lor (Urea) <NB,NO,) number mss" ms s" mss"

10.7 mM 75.3+ a 171.3+ abe 60.7+ bc 173.9+ a
30 mM

2.4-D D.W. 63.3 bcde 147.3 der 11.8 Sh 88.3 S

10.7 mM 57.0 ders 147.7 der 52.4 de 120.7 er
D.W.

D.W. 65.0 abcd 107.4 ij 8.5 h 20.1

10.7 mM 40.0 hij 178.8 • 63.1 bc 169.7 .b
30 mM

Gibbcrcllie .eid (GA,) D.W. 59.3 der 154.5 ede Il.7 Sh 163.4 ab

10.7 mM 75.3 a 136.0 rSh 60.8 bc 137.5 cde
D.W.

D.W. 60.3 der 98.0 j 1Q.6 h 50.s h

10.7 mM 72.3 abc 153.5 der 63.5 b 135.4 ede
30 mM

KinClin D.W. 50.0 rSh 120.8 hi 9.9 h 50.1 h

10.7 mM 47.3 Shi 153.9 cde 55.5 cde 128.9 e
D.W.

D.W. 29.3 j 127.9 Sh Il.9 Sh 43.5 h

10.7 mM 74.0 ab 163.0 abcd 55.9 bcde 150.7 bcd
30 mM

Abscisie aeid (ABA) D.W. 50.3 rSh 177.2 3 19.1 rS 127.3 e

10.7 mM 38.0 ij 145.4 derg 49.3 e 105.3 rg
D.W.

D.W. 55.0 derg 108.8 ij 9.7 h 37.2 hi

10.7 mM 53.0 erg 173.1 .b 74.1 • 153.9 bc
30 mM

Di.lillcd waler D.W. 62.0cde 157.4 bcd 20.9 r 124.4 er

10.7 mM 55.0 derg 139.5 erg 59.9 bcd 132.9 de
D.W.

D.W. 66.0abcd 91.3 j 9.7 h 31.9 hi

PGR X N redunele ••• ••• NS •••
PGR X N Soi! ... NS • •••
N redunele X N Soil NS ••• NS •••
PGR X N Pcdunele X N Soi! ••• • NS •••
C.V.~ 11.8 7.6 13.4 11.3

~ C • Conc.:nlr:llion

• NS, or ' • ••• For the ovetllll mode!; 00 significant or signifiC:lOI'1 the 0.05 IlIld 0.001 probabililY levels,
l'CSpCClively.
+ Wilhin a column mC:lOS rollowed by the Ame 1=arc nol diffCl'COt by a prolcclcd LSO"...
~ Coeffieienl van.lion <'"
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• Table 2.7. Mean seed weight produced by the spike of the intu.o;ed stem, spike protein content,
weight and protein coment per seed of barley plants as affecled by inter.lction between PGRs,
peduncle and soil nitrogen concentrations for experiment 3.

S=l Protc:in Spikc
wcight content Wcight rrolcin

Plant I:ro"th N redunde N Soil pcr spilte pcr sccd pcr sccd cuntent
reguL,tor (U.....) (NII,NO,) -g- -mg- -mg- -m~-

10.7 mM :2.1+ ab 4.S+ bcd 17.8+ cC~ 3S4.7+ a
30 mM

2,4-0 D.W. 1.6 deCg 3.8 cf 15.7 ~ 137.8 cf

10.7 mM 1.8 bcdc 4.6 bcdc 30.9 hedef 1S9.1 de
D.W.

D.W. 1.7 edeC 2.8 g 16.3 f~ 183.7 g

10.7 mM 1.4 ghi 6.1 a 33.9 abc :!42.6 c
30 mM

Gibberellie aeid (GA,) D.W. 1.7 defg 4.4 cde 18.3 dcf~ 158.S de

10.7 mM 2.4 Il 4.3 cdc 31.8 abcdc 314.8 ab
D.W.

D.W. 1.8 cdc 2.8 g 28.9 defg 171.1 gh

10.7 mM 2.0 bc 4.3 ede 28.1 defg 311.1 abc
30mM

defg def fgKinetin D.W. 1.6 3.9 32.9 ahed 197.4

10.7 mM 1.6 defg S.3 ah 34.7 ab 151.9 e
D.W.

D.W. 1.0 4.6 bcde 36.0 a 131.4 Jo

10.7 mM 1.9 bed 4.3 cdc 26.3 fg 317.0 abc
30 mM

28.2 dcrg 244.5 cAbseisie aeid (ABA) D.W. 1.4 fgh S.O bc

10.7 mM 1.2 hi 4.6 bcde 31.7 abcde 17S.1 gh
D.W.

cdeCgD.W. 1.6 defg 3.2 fg 29.7 17S.9 gh

10.7 mM 1.6 eCg S.3 ob 30.S bedcfg 277.9 ede
30 mM

Di.tilled Wllter D.W. 1.9 bcde 4.9 bc 31.1 hedef 302.8 bcd

10.7 mM 1.9 bede 4.8 bed 34.7 ob 263.S de
D.W.

29.8 edefgD.W. 1.9 bed 2.7 g 178.1 Il

PGR X N Pedunele ••• ••• NS •••
PGRX N Soil •• ••• • •
N Pedunele X N Seil NS • NS ••

PGR X N Pedunele X N Seu ••• ••• NS NS

C.V.~ 11.8 11.2 9.7 12.2

NS. or·•••• *** For the overaU model; no significant or signific.ant al the O.OS. 0.01 and 0.001 probabilily
level., respeelively.
+ Within a .olumn mcous rollowed by the sorne letter are not dirrerent by a protccled LSo"...

• ~ Coefficient variation (")
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pcduncle applied N levels. The mainstem protein concentration for 10.7 mM soil N

and 30 mM N in peduncle were higher than for PGR and distilled water.

Ali possible interactions between PGR and nitrogen concentration in the soil

and in the peduncle occurred for fIag leaf protein content. Plants treated with

combinations of 2,4-D, 30 mM peduncle N, and 10.7 mM soil N, or GA3, 30 mM

pcduncle N, and 10.7 mM soil N had highest fIag leaf protein concentrations.

Once again higher protein concentrations in grain, fIag leaves and mainstems

of plants peduncle perfused with 30 mM N and receiving 10.7 mM N soil suggests

that there is no nitrogen sink limitation when peduncle N is supplied. Similar results

were found in experiment 2 and by Ma et al. (l994b). Nitrogen translocation factors

may have important effects on protein accumulation in grain. In addition, higher

protein concentrations in fIag leaves coupled with lower total seed protein of plants

peduncle perfused with gibberellic acid indicated that gibberellic acid altered the

overall pattern of N allocation within the plant.

Once again, the addition of peduncle N to plants receiving high soil N fertility

increased seed protein concentration (Table 2.6), indicating that root uptake of soil N

is a limitation ta grain N accumulation. The evidence for this is stronger here than in

experiment 2 for IWO reasons. First, whereas four applications of soil fertilizer N,

equivalent ta 150 kg N ha-\, were made in experiment 2, five applications, equivalent

ta 187.5 kg N ha-·, were made in experiment 3. Second, the grain protein

concentrations and total seed protein levels were not statistically different between

experiments 2 and 3 for plants whose only N source was 10.7 mM N, and bath values

were numerically slightly lower for experiment 3 than experiment 2. Thus, in spite

of the 25% increase in soil applied N for plants receiving 10.7 mM soil N and no

peduncle N in experiment 3, the concentration and accumulation of grain N did not

increase from experiment 2 ta experiment 3, indicating that the capacity for root N

uptake was saturated at 10.7 mM soil N.

In this study, maximum seed protein concentration, seed protein content and

spike protein content were 178.8 mg g-\, 6.1 mg and 354.7 mg, respectively. These

maximums were found in plants receiving 10.7 mM N from the soil and a mixture of

30 mM N and GA3 through the peduncle for seed protein concentration and content
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and in plants receiving treatments of 10.7 mM N from the soil and a mixture of 30

mM N and 2,4-D through the pedunc1e for spike protein content. These incrcases

may be related to the higher grain protein content and seed number found in

treatments resulting in the highest seed protein concentration and spikc prolcin

content, respectively.

Martin et al. (1990) found that auxin herbicides incrcascd seed protein content

when applied at zadoks growth stage 44. In addition, the plants of experiment 1

perfused with GA3 or 2,4-D solutions via the peduncle showed highcr seed protein

content and spike protein content than plants perfused with distillcd water. Plants

receiving the combination of 30 mM N and GA) through the pedunclc and 10.7 mM

N from soil had an average grain protein concentration of 178.8 mg g", 95 % highcr

than plants fertilized and perfused with distilled water. Ma et al. (1994b) found that

barley plants perfused with 25 mM N showed the maximum grain protein

concentration of 223.8 mg g.l. In experiment 2 maximum accumulated protcin was

found in plants receiving 10.7 mM N from the soi! and 30 mM N through the

pedunc1e.

In general, these results suggest that 1) uptake of N by plant roots is more

limiting to seed protein accumulation than is uptake of N containing compounds by

seeds, 2) sorne PGR alter the overall pattern of N allocation between plant parts,

although the nature and degree of this alteration is dependent on the amount of N

available to the plant, and 3) because the effects of PGR can vary with N level thcir

effects on seed protein are not additive with soi! or pedunc1e N level effects.

40



•

•

Preface to Section 3

Section 3 is material intended for a manuscript by K. Foroutan-pour and O. L. Smith

which will be submitted publication as a short paper in the Journal of Agronomy

and Crop Science. The format has been changed to conform as much as possible

with the guidelines set by the Faculty of Graduate Sciences and to be consistent within

this thesis. Tables and Figures are presented immediately after they were discussed.

References are listed in a separate section at the end of the thesis. ln this section we

address the overall applicability of the peduncle perfusion technique in the field and

the responses of barley grain protein concentration to grain-filling nitrogen and

ethephon application through a peduncle perfusion system in the field .
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Section 3

FIELD EVALUATION OF THE PEDUNCLE

PERFUSION TECHNIQUE

3.1 ABSTRACT

The peduncle perfusion system has been used successfully to evalu:lle plant

responses to post-anthesis plant growth regulators (PGR) and nitrogen applied through

the peduncle under greenhouse conditions. No experiment with this technique has

been conducted in the field. There are large differences between greenhouse and field

environments. Thus, the utility of this technique in the field is still unknown. The

objectives of this study were to evaIuate i) the overall applicability of the jx:duncle

perfusion technique in the field; and ii) the responses of barley grain protein

concentration to grain-fiIling nitrogen and ethephon application through a pcduncle

perfusion system under field conditions. The perfusion technique f100ds the peduncle

interior with a selected solution for periods of weeks to months. The plants werc

allowed to take up urea in IWO concentrationS (15 and 30 mM N) and ethephon, a

PGR, at 15 II- M from the peduncle for 29 days. The total volume of solution taken

up by the plants ranged from 35 to 81 mL. Peduncle perfusion with 30 mM nitrogen

(urea) increased spike protein concentration and content and grain protein

concentration without affecting seed weight spike·l
. Peduncle perfusion with ethephon

increased grain protein concentration, while spike protein content was not increased

over distilled water perfused plants. Using the perfusion technique under field

conditions showed that barley feeding through the peduncle could be an appropriate

method for studying nutrient translocation or effects of metabolism modifying

substances in the field during the grain filling period.

3.2 INTRODUCTION

Plant growth regulators (pGR) are generaliy applied to reduce crop lodging by

reducing crop height. It has been reported that IWO commonly applied PGR,
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chlormcqual chloride, [(2-chloroelhyl) trimethylammonium chloride] (CCC), and

elhephon, [(2-chloroethyl) phosphoric acid] have variable effects on cereal yield

(Nafziger et al., 1986, Brown et al., 1973). The lengths of the mainstem apex of

barley (Ma et al., 1991) and mainstem panicles of oat (Leitch et al., 1989) were

reduced as a result of chlormequat application. Knapp et al. (1988) found

chlormequat chloride increased yields but only by reducing lodging. Ethephon

application has becn shown to increase, not affect and reduce cereal grain yields (Ma

et al. 1992a; Green et al. 1986).

Mohamed et al. (1990) found that applications of the PGR ethephon and the

fungicide triadimefon bath reduced lodging but did not effect yield or grain protein,

and sometimes increased tissue N levels. However, grain protein concentration may

be increased by ethephon (Morris et al., 1989). Il has becn concluded that ethephon

can influence grain protein concentration by altering both the protein and nonprotein

components of the grain (Bulman et al., 1993c). Ma et al. (l994a) examined plant

growth regulator effects on {lrotein concentration and yield of spring barley and wheat

in the greenhouse. They found PGR (ethephon or chlormequat) application increased

grain protein concentration by increasing protein accumulation in the grain.

The peduncle perfusion system has been used successfully to evaluate

responses of plants to post-anthesis PGR and nitrogen applied through the peduncle

under greenhouse conditions (Ma et al., 1992c, 1994a and 1994b). Ma et al. (1992c,

1994b), using a peduncle perfusion technique, found higher grain nitrogen

concentrations in plants perfused with urea nitrogen relative to those perfused with

distilled water.

Nitrogen is the most important element in controlling protein concentrations

and yields in cereal crops. Grain protein concentration was increased by application

of N fertilizer to corn (Zhang et al., 1993; Ippersil et al., 1989), oat (Humphreys et

al., 1994; Portch et al., 1968), wheat (Ayoub et al., 1994; Doyle et al., 1991;

Gooding et al., 1991; Warder et al., 1963), and barley (Bulrnan et al., 1993b and

1993a; Birch et al., 1990; Kucey, 1987).

No experiments with this technique have been conducted in the field. There

can be large differences between greenhGuse and field conditions, particularly for
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• variables such as tillering, soil moisture, relative humidity, temperature, wind !cvel

and damage caused by pests. Variables affecting transpiration raIe could strongly

affect the amounts of peduncle perfused solutions taken up. Thus, the utility of this

technique in the field is still unknown.

The objectives of this study were to evaluate i) the overall applicability of the

peduncle perfusion technique in the field; and ii) the responses of barley grain protein

concentration to grain-filling nitrogen and ethephon application through a peduncle

perfusion system in the field.

3.3 MATERIALS AND METHODS

An experiment was conducted out at the Horticultural Center of the Plant

Science Department, McGill University, Ste Anne de Bellevue, QC, Canada. The

experiment was planted 17 May 1993 and harvested on 20 August 1993. In the ycar

preceding this experiment, the site was used to produce carrols. The barley seeds

were planted in 1 m2 plots. In this experiment we attempted to supply normal field

conditions for the plants. The seeding density was 300 seeds m·2 in 10 rows spaced

10 cm apan. The plants received on1y rainwater, and were fertilized based on a soil

test, at 70, 90 and 80 kg ha-lof N, P20S and K20, respectively (CPVQ 1988). Total

precipitation, and average monthly maximum and minimum temperatures for May,

June, July and August of the experimental ycar 1993 are given in Table 3.1.

Table 3.1. Precipitation and tempe:ature data for May, June, July and August of

1993 and for the 3-year average.

Precipitation Temp.,rollurc ("Cl

May June July August May June July Augw.t

mm Max Min Max Min Ma. Min Max Min

1993 79.1 74.8 94.8 57.5 18.7 7.9 22.8 t2.5 26.3 16.5 26.1 15.2

•
3-yeafT"

Mean 79.2 85.1 113.0 96.4

.,. Mean of 1992. 1991 and 1990 years

19.2 7.9 23.4 13.1 25.3 15.2 24.6 15.7
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The experimental design was a split plot with three blocks. Mainplots were

two varieties of barley commonly produced in eastem Canada (Leger and Laurier)

and subplots were four peduncle perfusion treatments including 0, 15, and 30 mM N

as urea, and ethephon at 15 JL M. The experiment was arranged in a randomized

complete block design with three blocks and one replication of each treatment in each

blO<.:k.

A syringe perfusion system was set up when the plants reached ZGS 65

(anthesi~). For each main stem, the flag leaf sheath was carefully opened to expose

the peduncle for the maximum possible length without injury. Two 26-gauge needles

were inserted into the peduncle at a 45° angle. The first needle was approximately 5

cm below the collar and served tO allow air to escape during Î1ljection; the second

needle was approximately 5 to 10 cm below the first and 2 to 10 cm above the flag

[eaf site of each needle injection. The pedunc1e surface and the needle were

surrounded by a triangle of maslàng tape to form a cup against the side of the

pedunc1e. The cup was filled with fluid latex (Vultex, General Latex Canada, QC),

which dried ovemight, sealing the needle to the pedunc1e.

Solutions were added to the system when the latex was completely dry (after

about 48 hl. A flexible plastic tubing (Tygon i.d. 0.8, o.d. 2.4 mm) was connected

10 the needles and fixed with silicone seal. These needles were the standard

disposable type (Beclon Diclànson, Rutherford, NJ), with the plastic portion removed.

A 6O-mL syringe barrel fitted with a 21-gauge needle was attaehed to the tubing

leading to the lower needle. This syringe acted as a reservoir of the solution to be

tested and was held above the spike. The top of the syringe_barrel was covered with

a stopper to avoid loss of solution through evaporation and stop insects, etc. from

faIling into the reservoir. A needle fitted with a small flexible plastic tubing was

inserted into a stopper on the top of the syringe, and the end of tubing was held

beside the syringe with the opened end facing downward so that it was not blocked by

rain water or other materials. The open end of the other tube was held above the top

of the -syringe barrel and, again, with the opened end tumed to face downward.
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When solution was added to the syringe barrel. it flowed into the boltOlll of

the peduncle, through the peduncle, and up the tube at the pcduncle top. Thc Icvcl of

the solution in the syringe barrel reselVoir and the upper tubc were always the salllC.

The whole system was attached to a 2 cm x 4 cm wooden support stakc with a heavy

rubber band. One or 2 of the peduncles initially injected showed signs of leakage or

blockage. This potential problem was dealt with by equipping morc plants than wcre

needed in eaeh plot with the injection apparatus.

Treatments were imposed on 21 July, approximalely 3 days after the mainstclll

heading stage. After a solution was added to the syringe barrel, injected peduncles

were examined until maturity to make sure that solution was moving out of thc

syringe reselVoir and that there were no leaks.

In this experiment, data were collected during two phases of plant

development: 1) during grain fill (daily amount of absorbed solut:on, time of

maturity) 2) at haIVest (total amount of absorbed solution, seed number, grain weight,

total seed weight, stem and flag leaf weight, and concentration of N in stem, flag

leaf, and seed).

Grains were ground with a Udy cyclone mil! (Udy Corp., Fort Collins, CO)

fitted with a 1 mm sereen. The resulting flour samples were digested with sulphuric

acid plus S-type Kjeltab catalyst [fecator Manual, Kjeltec System 1002 Distil!ing Unit

(Tccator, Hôganas, Sweden)] and the resulting NH. was distilled into H)BO) and

quantified by titration with dilute acid (AACC, 1983; Bradstreet, 1965). Results were

expressed as average weight seed·1 , and grain N concentration (mg g.I).

The data were analyzed with the GLM procedure of the SAS package (SAS

Institute, 1985), according to Steel and Torrie (1980). The amount of solution

delivered into a peduncle was used as a covariable for the analysis of average grain

weight and grain N concentration. The significance of differences between individual

means was determined by a protected least significant difference (LSD) test, (P s
0.05) analysis.
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• 3.4 RESULTS AND DISCUSSION

This experiment represents the first application of the perfusion technique

under field conditions. The technique was successfully utilized under controlled

environment conditions by Ma et al. (1992c, 1994a and 1994b).

Table 3.2 shows the means ± standard error of solution absorbed. The

average solution volume uptake per peduncle over the 29-day feeding period was 6S

mL, with a range of 3S to 81 mL. Compared to previous studies (Ma et al., 1992c,

1994a and 1994b), the averaged uptake solution was similar for the same treatments.

In this experiment, ranking for volumes of solution uptake was distilIed water >
ethephon IS l' M > 15 mM N > 30 mM N. For each plant, lowering the open end

of the upper tube to the level of the peduncle resulted in solution dripping from that

tube at a rate of several mL min· t
, indicating that the variation between plants in rate

of solution uptake was not due to restrictions on the rate of solution delivery to the

peduncle, but rather to differences in solution absorption by the individual plants. In

this experiment the volume of solution absorbed was not a significant covariable for

average grain weight and grain protein concentration. Differences in the amount of

perfused N and ethephon solutions and distilled water uptake are probably due to the

more negative osmotic potentials of the more slowly taken up solutions.

Table 3.2. Total absorption of perfused solution through the peduncle (value are
mean ± s.e.).

Treatment

30 mM N (Urea)

15 mM N (Urea)

Ethephon 15 l' M

Distilled water

Uptake solution (mL)

44.0 ± 2.3

67.7 ± 3.0

74.0 ± 2.0

74.3 + 2.1

•
Fig 3.1 shows the average daily uptake of solutio_n of plants by treatment. At

the beginning of grain-fùling absorption of solution was maximal. This was followed

by an approximate1y linear decline of -0.14 mL d·l • One explanation for the decline

could be that during grain-fiIIing the transpiration rate of most tissues, and especially

the flag leaf and spike, are high (Simpson et al., 1983; Stoskopf, 1985). But, as the
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plants mature transpiration losses decrease.

Pcdunc1e perfusion with N or ethephon solutions did not affect secd number

and secd weight per spike when comparcd to plants perfuscd with distilled water, with

the exception of seed number produced by plants perfuscd with 30 mM N which was

more than plants perfuscd with distilled water (fabie 3.3). Ma et aI. (l994b) found

no difference for seed weight per spike between plants perfuscd with N or ethephon

and distiIled water, but differences were found for seed number.

Fertilization and the beginning of grain formation happen before spike

emergence, while the perfusion system is attached after spike emergence. Thus it

might be expected that the treatments would not affect the number of florets, and

therefore, potential seedS established. The leve\ of floral abortion could be affected

by the applied treatments, but this was not the case (fable 3.3).

There were no differences between treatments for weight per secd (fable 3.3).

The average weight seed·1 was quite high (42.5 mg). Ma et al. (1992c, 1994a and

1994b) found no difference for weight per seed among greenhouse grown plants

perfuscd with ethephon, 30 mM N or distilled water. We did find a significant

difference in weight and protein content per seed between the two barley varieties.

Average grain weight and protein content per seed of Laurier was significantly higher

than that of Leger (data not shown). Laurier was found to have the highest weight

per seed among twenty six Québec grown barley cultivars (Bulman et al., 1993d).

Our data showed that peduncle perfusion with 30 mM nitrogen increascd total

spike protein content without affecting seed weight spike·1 or weight seed-1• The

increase was due to an increase in protein concentration (fable 3.3). Non-significant

increases in seed protein content and weight per seed were noted. These non­

significant differences must have been at least partly reaI as they appear to have

produced a significant protein concentration difference. Increascd nitrogen

concentration by perfusion with a nitrogen solution was reported under controUed

environment conditions by Ma et aI. (1992c and 1994d).

Peduncle perfusion with ethephon increased grain protein concentration by 6%

comparee! to distilled water. Ma et aI. (1994a) found peduncle perfusion with

ethephon increascd grain protein concentration by 13% comparee! to distilled water.
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Table 3.3. Mean seed numœr, sc:ed weigbt produced by the >l'ikc of thc infu,'cd stcm. grJin
protein concentration, spike protein content, grain weight pcr sccd. grain pr<ltcin C<lntcnt. n"g
leaf weight, tlag leaf protein concentration, mainstem weight. and main.'lem protein
concentration.

Trc:ltrncnt MC3surcmcnt+

OPC SW SPC WS PCS FW FPC MW MPC
V3riCty Tn::1tmcnt+ SN -ms S·,· -g- -ms- -mg- -ml.'.- -s·- -mg ~'l. -s- -ml: 1:".

1'130 55 171.! 2.1 363.8 38.6 6.6 0.22 162.9 0.71 ~O"

l'lIS 53 155.8 2.1 3!9.4 39.9 6.2 0.15 1!8.3 0.71 43.6
Leser

E SI 164.3 2.1 341.6 40.5 6.7 0.20 106,9 0.81 51.9

DW SI 150.5 2.2 3!5.5 42.8 6,. O.!. 70.8 0.81 47.9

1'130 49 176.5 2.2 384.0 44.1 7.8 0:12 166.7 0.79 47.2

uuricr l'lIS 49 160.5 2.2 351.6 44.9 7.2 0.18 1~.S 0.79 44.3

E SI 158.0 2.2 343.8 43.0 6.8 0.20 99.5 0.77 54.7

DW 49 152.8 2.3 344.7 46,. 7.1 0.15 82.2 0.78 41.3

LSD. 2.8 13.2 0.2 35.6 4.7 0.8 0.03 16.7 0.1 5.9
LSD. 3.4 1.4 0.2 34.3 4.3 0.8 0.04 :!3.1 0.1 9.2

V.riety • NS •• NS •• • NS NS NS NS

Ttc3tment NS •• NS • NS NS ••• ••• NS •••

V.riety X
Trc:ttmcnt NS NS Ns NS Ns NS •• NS NS NS

C.V.~ 3.1 4.6 5.4 5.8 6.2 6.5 8.7 7.9 6.8 6.9

LSD" Least 8ignificant difference for comparison of treatmenl, within the varieties CP S 0.5)
LSD' Least 8ignificant difference for comparison of treatments across the varieties CP S 0.5)
NS, *, **, or *** For the overall model; no significant difference or different al the 0.05, 0.01
and 0.001 level of probability, respectively.
+ Treatment notation: N30 = 30 mM N as urea; N15 = 15 mM N as urea; E = 15 Po M
ethephon; DW = distilled water.
+ Measurement notation: SN = seed number; GPC = grain prolein concentrdtion; SW = seed
weight per spike; SPC = spike protein content; WS = weight per seed; PCS = prolein content
per seed; FW = fJag leaf weight of mainstem; FPC = fJag leaf protein concentration of
main."em; MW = mainstem weight; MPC = mainstem protein concentration
~ Coefficient Variation (%)

--~~-
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A field study (Mohamcd ct al., 1990) and a grecnhouse study (Ma ct al., 1994b)

rcgarding application effcets of ethephon on grain protein concentration demonstrated

that application of cthcphon did not affect grain protein concentration. Conversely,

cthcphon application by peduncle perfusion under greenhouse conditions (Ma et al.,

1994a) and ethephon spray under field conditions (Ma et al., 1994a; Morris et al.,

1989) increased grain protein concentration by increasing protein accumulation in the

grain, although, protcin yield increases were small because of grain yield reduction.

Compared to peduncle perfusion with distilled water, peduncle perfusion with

the nitrogcn trcatments of 15 and 30 mM N and pedunc\e perfusion with ethephon

significantly increased flag lcaf protein concentration (Table 3.3). In addition, there

was a difference in flag lcaf protein concentration between plants peduncle perfused

with 30 mM N and 15 mM N or ethephon. Similarly, Ma et al., (1994b) found

higher nitrogen and ISN concentrations in the chaff and in flag lcaves in N-trcated

grecnhouse grown plants when compared to water-perfused controls.

Highcr protein concentrations in both grain and flag lcaves of plants peduncle

perfused with 30 mM N and ethephon (Table 3.3) suggest that when there is not a

nitrogen sink limitation for field produced barley when supplied with N through the

peduncle. Ma et al. (1994b) found higher N and ISN concentrations in the flag lcaves

of greenhouse grown plants treated with N solutions when compared to plants treated

with distilled water. Nitrogen translocation factor,; may have important effects on

protein accumulation in grain. Moreover differences in flag leaf protein concentration

of plants pedunc\e perfused with 15 mM N relative to plants peduncle perfused with

distilled water, but without differences in grain protein concentration or spike protein

concentration (Table 3.3) suggest that processes related to nitrogen translocation into

the grain are important once the accumulation of nitrogen in those tissues has

approached an upper limit. Higher mainstem protein concentrations a10ng with

increases, or no change in seed protein concentration in plants treated with ethephon

than other treatments indicated that ethephon stimulated protein synthesis processes.
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GeneraIly, experiments conducted under field and greenhouse conditions

produced similar results. According to several studies, including the present one,

ethephon has the potential to increase the concentration of grain protein withoUl

decreasing the weight per seed. This suggests that ethephon application could be

utilized when higher protein yield than grain yield is desired. This subjcct needs

more consideration under both field and greenhouse conditions.
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GENERAL DISCUSSION

ln lhis sludy, the pedunc1e perfusion technique developed by Ma and Smith

(1992c) was successfully used to deliver various substances to barley plants during the

grain filling pcriod under c..:>ntrolled environment and field conditions (Sections 2, 3).

Application of this technique under field conditions (Section 3) indicated that barley

feeding through the pedunc1e could be an appropriate method for studying nulrient

translocation or effects of metabolism modifying substances in the field during the

grain filling period. The technique was successfully utilized under controlled

environment conditions by Ma et al. (1992c, 1994a and 1994b).

The volume of solution absorbed by plants was not usually a significant

covariable in the statistical models even of were observed b;g difference for average

weight, prolein concentration, and protein content per seed. Differences in the uptake

volume between the perfused solutions are probably due to the greater osmotic

potential of the more concentrated solutions. Trends for daily uptake of solution by

plants from heading to maturity showed an approximately linear decline (Section 2,

3). This could be because of the high transpiration rate of most tissues, and

especially the flag leaf and spike (Simpson et al., 1983; Stoskopf, 1985) during the

grain-filling.

Availability of N sources to barley plants during the grain-filling can alter the

amount of seed protein concentration and seed protein content. Plants fertilized weil

with N fertilizer had higher protein content and concentration per seed (Section 2).

Grain protein concentration was increased by application of N fertilizer to barley

(Bulman et al., 1993b and 1993a; Birch et al., 1990; Kucey, 1987). In addition, as

Ma et al. (1992c, 1994b) found plants receiving N solution through the peduncle

appeared to have high seed protein concentration and seed protein content. Weight

per seed was generally not affected by N applied in the soil or in the peduncle. No

difference for weight per seed of plants perfused with various N concentrations was

reported by Ma et al. (I992c, 1994b). Consequently increasing seed protein

concentration but unchanging weight per seed in plants as affected by soll N or

pedunc1e N indicated that more available N dllring the grain-filling increased the

protein 1 carbohydrate ratio.
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The results of experiments 1 and 3 (Section 2) showed that accumulation of

protein in the grain of plants receiving GA) or 2,4-D in experime.:nt 1 and a mixture

of 30 mM N and GA) in experiment 3 through the pcduncle was higher than that of

plants receiving distilled water. These increases May be related to the highcr grain

protein content found in these treatments, resulting in the highcr seed protein

concentration. Gibberellin induces the formation of a-amylase by increasing Ca+2

flux into the endoplasmic reticulum in the aleurone layer of barley seeds (Bush et al..

1993; Hewitt et al., 1968). The maximum of spike protein content was found in

plants receiving treatment of 10.7 mM N l'rom the soil and a mixture of 30 mM N

and 2,4-0 through the pedunc1e (Section 2). This eould be because of higher sccd

number or seed weight spike" found in this treatment, resuiting in the highcst spike

protein content. It was surprising that 2,4-0 decreased seed wcight per spike in

experiment 1, while, 2,4-0 increased seed weight per spike in experimcnt 3.

However, the 2,4-0 effects observed in experiment 3 occum.'d only at the highcst N

levels, levels that were not used in experiment 1. This May indicate that some of the

potential PGR effects will only be manifested under specific conditions. Several

studies indicated that auxin herbicides increased seed protein and starch content

(Martin et al., 1990; Bangerth et al., 1985; Rademacher et al., 1984; Hewiu et al.,

1968).

Higher protein concentrations in grain, f1ag leaves and mainstems of plants

pedunc1e perfused with 30 mM N and receiving 10.7 mM N soil suggests that there is

no nitrogen sink limitation when the plant receives additional N l'rom the peduncle.

Similar results were found in experiment 2 (Section 2) and by Ma et al. (1994b).

Nitrogen translocation factors May have important effects on protein accumulation in

grain. ln addition, higher protein concentrations in both grain and flag leaves of

plants peduncle perfused with gibbere1lic acid indicated that gibberellic acid stimulated

some aspect of protein synthesis.

Ethephon application by pedunc1e perfusion under field conditions (Scction 3)

increased grain protein concentration by increasing protein content in grain. A

similar result was found by Ma et al. (1994a) under greenhouse conditions. Thus,

results oi.tained under field and greenhouse conditions indicated that ethephon has the
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potcntial to increasc the concentration of grain protein without decreasing the weight

Secd"'. This suggests that ethephon application could be utilized when higher protein

yield than grain yield is desired. This subject needs more consideration under both

field and greenhouse conditions.

In general, the results presented in this study (Section 2 and 3) indicated that

availability of different N sources during the vegetative growth and grain filling

stages, and probably stimulation of some protein synthesis processes caused by PGR

may lead to accumulation of more protein in grain. More consideration of

correlations between plant hormones and grain protein synthesis is required.
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SUMMERY OF RESULTS

1. Protein concentration and content per seed of plants receiving 2,4-D and

gibberellic acid were highest and those of plants receiving ABA were lowest.

2. The frequency and degree of PGR effects were greatest for the top third of the

spike.

3. Kinetin and abscisic acid treatments generally resulted in the highest and lowest

levels, respectively, for flag leaf net photosynthesis, stomatal conductance:,

transpiration and intercellular C~ concentration.

4. For experiment 2, both seed protein content spikeo1 and seed protein concentration

in plants fertilized with 10.7 mM N via the soil and plants perfused with 30 mM N

via the peduncle were higher than plant received distilled water.

5. For experiment 3, plants receiving only 10.7 mM N from the soil and mixture of

30 mM N and GA] or 2,4-D through the peduncle had incrcased protein content per

seed, and the highest total seed weight produced by the perfused stem, respectively.

6. Peduncle perfusion with ethephon increased grain protein concentration, while

spike protein content was not inereased over distilled waler perfused plants.

7. The processes related to nitrogen translocation from tissues to the grain are

important once the accumulation of nitrogen in those tissues has approached an upper

limit.

8. Using the perfusion technique under field conditions showed that barley feeding

through the peduncle could be an appropriate method for studying nutrient

translocation or effects of metabolism modifying substances in the field during the

grain filling period.
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ACCEPTANCE OR RE,JECTION OF HYPOTHESISES

1) The roots are a bottle-neck for N entry into cereal plants. Aecept, sec L'lSt

paragraph of section 2.

2) The addition of sorne plant growth regulators will substantially alter the distribution

of N among plant parts. Aecept or reject depends on condition, see last paragraph

of section 2.

3) The stimulatory effects of pedunc1e perfused PGR and N (urea), and soil N on seed

protein concentration are additive. Reject, sec 1351 paragraph of section 2.

4) The peduncle perfusion technique can be applied to field grown plants and will

prod'Ice essentially the same results as have already been observed in comrolled

environment produced plants. Accept, sec 1ast paragraph of section 3•
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